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INTRODUCTION 

T h i s  volume c o n t a i n s  a b s t r a c t s  o f  t a l k s  p r e s e n t e d  a t  a  
Workshop on A n c i e n t  C r u s t s  o f  t h e  T e r r e s t r i a l  P l a n e t s  h e l d  a t  t h e  
L u n a r  a n d  P l a n e t a r y  I n s t i t u t e  on 1 2 - 1 4  F e b r u a r y  1 9 7 9 ,  R e l a t e d  
m a t e r i a l s ,  a l s o  f o u n d  i n  t h i s  v o l u m e ,  i n c l u d e  a  summary o f  t h e  
w o r k s h o p ,  p r o g r a m ,  p a r t i c i p a n t  l i s t ,  a n d  a  s h o r t  b i b l i o g r a p h y .  
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S i m o n d s  ( N o r t h r u p  S e r v i c e s ,  I n c . ,  H o u s t o n ) ,  a n d  Dr. Thomas R .  
McGe tch in  ( L u n a r  a n d  P l a n e t a r y  I n s t i t u t e ) .  
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t r a t i o n .  

L u n a r  a n d  P l a n e t a r y  I n s t i t u t e  
H o u s t o n ,  T e x a s  
A u g u s t  1 9 7 9  

i i i  





TABLE OF CONTENTS 

. . . .  Summary of Workshop on Ancient  Crusts  o f  t h e  T e r r e s t r i a l  P lanets 1 
7. R. M~Gex~kLin, C. H. Simondn, P. W ,  WcibRen and J. Wooden 

Workshop Program . . . . . . . . . . . . . . . . . . .  7 

. . . . . . . . . . . . . . . . . . . .  P a r t i c i p a n t  L i s t  9 

ABSTRACTS 

Crus ta l  Development o f  t he  Western P a r t  o f  t h e  Archean Super ior  
. . . . . . . . .  Province, Manitoba and Northwestern Ontar io .  13 

6, %), Ay&u 

Two Archean Gray Gneiss Complexes: Kaapvaal Craton and B i g  Horn 
Mountains . . . . . . . . . . . . . . . . . . . . .  15 
F, B m h m  

Experimental Studies o f  t h e  E f f e c t s  o f  V o l a t i l e  Components on 
M e l t i n g  and Other Phase Transformations i n  t h e  T e r r e s t r i a l  
Planets, . . . . . . . . . . . . . . . . . . . . .  16 
A ,  Bo&~hm 

Deep S t r u c t u r e  o f  t h e  Cont inenta l  Crus t  f rom Seismic R e f l e c t i o n  
P r o f i l i n g  . . . . . . . . . . . . . . . . . . . . .  17 
6, Bhuwn, J. 8he.we.h, F. Cook, L. senhen, S. Kaudman, G. Long 
J, O f i v e ~  and f. SckLef: 

E a r l y  Archean Crus ta l  Re la t ionsh ips  i n  t h e  Saglek-Hebron Area - 
Northern Labrador . . . . . . . . . . . . . . . .  19 
I<, 27, Coflemon 

The I n t e r p r e t a t i o n  o f  Scat tered Rb-Sr I s o t o p i c  Data f o r  E a r l y  
Archean Gneisses from Labrador and Greenland . .  22 
W .  Cornp~kon and K. 27. Collmon 

Hydrous Minera ls  i n  E a r t h ' s  Upper Mant le  : Storage o f  A1 k a l i  
. . . . . .  Metals and Halogens: Speculat ions on Venus and Mars. 25 

3 ,  S .  Delaney, R. L. Huvig, J. V .  Srnah, J. 8. Pumon and 
0. A, C m w &  

P e t r o l o g i c  Heterogenei ty  i n  t he  Upper Mant le  o f  t h e  Ear th:  
Barren and F e r t i l e  Harzburgi  t es :  Mant le  Sec t ion  a t  Mala i  ta ,  
Solomon I s l ands :  Imp l i ca t i ons  f o r  Venus and Mars. . .  28 
J. S ,  DeRaney, R, L. ffcltrvig, 3. V .  ~mith, 3.  B. ~ccw4on and 

P, H e  Nixon 

Age Re la t ionsh ips  i n  Archean Rocks . . . . . . . . . . . . .  31 
S .  S *  Goldich 



The Potential  Effects of Meteorite Bombardment on the Evolution 
. . . . . . . . . .  of the  Proto-crust of the Earth. 

R .  A.  F. Gnieve 

Geophysical Character is t ics  of the Lower Crust in a Portion of 
the Superior Province in Manitoba and Ontario, Canada . . 
8 .  f f .  H c c e e  

Contrasting Petrogenesi s of Grani t i c  Rocks i n Archean Greenstone 
. . . . . . . . . . .  and Gneiss Terranes, Minnesota 

G. N. ffavlnon 

A Comparison of Lunar and Ter res t r i a l  Anorthosites . . . . .  
L .  A. Hak in ,  K .  E .  Seideht and M .  M .  Lin&;trtom 

Minor Elements in Plagioclase and Mafic Minerals from Lunar 
. . . . . . . . . . . . .  Pl agiocl ase-ri  ch Rocks. 

E. C .  ffavlnen, 1. M .  SkeeLe and J .  V .  S d h  

Xenolith Studies and the Nature of the  Lower Crust . . . . .  
R. W .  Kay 

. . . . . . . . . .  Plate Tectonics on the  Early Earth 
W .  S. F. Kidd and K .  Buhke 

The Thermal History of the Earth in the  Archean . . . . . .  
R. Sk J .  LumbQnt 

The Origin of Lunar Anorthosites . . . . . . . . . . .  
3. Longki 

. . .  A Review of Tectonic Processes in  the Inner Solar  System 
P .  D. Lowman, J h .  

Yet Another Archean Province? The Lower Crust a s  Revealed by 
Xenoliths i n  Kimberlites . . . . . . . . . . . . .  
T. R. McGdckin 

Igneous Evolution of the Lunar Highlands . . . . . . . .  
G .  McKay 

The Banded Zone of t he  S t i l lwa t e r  Complex: Strat igraphy,  
Petrology and a Model f o r  the  Generation of Anorthosite Zones. 
L .  8.  Raedeke and 7 .  S.  McC&m 

Archean Shield Structure  a t  the Surface and the Role of Gravity 
T e c t o n i c s .  . . . . . . . . . . . . . . . . .  
W .  M. SchLuehd;tnen 

Synthesis of Lunar Highlands Petrology, Geochemistry and 
Geochronol ogy. . . . . . . . . . . . . . . . .  
C. H. Simon& 

v i  



. . . . .  Archean Rocks in  t h e  Southern P a r t  o f  t h e  Canadian Sh ie ld .  70 
P. K. S i m  and Z .  E .  Pe/tehman 

I d e n t i f i c a t i o n  and Signi f icance  of  Geochemical D i scon t inu i t i e s  
. . . . . . . . . . . . . .  i n  Archean Volcanic Te r ra ins .  73 

1. E. M. Smith 

Sign i f i cance  of  Granul i te  Metamorphism f o r  S tab i  1 i  z a t ion  of 
P lane tary  Crust: Charnocki t e  Formation a t  Kabbal durga, 
S. Ind ia :  Roles of C02 and H20: Specula t ions  on Venus 
and Mars . . . . . . . . . . . . . . . . . . . .  75 
S. V .  Smith, R .  C. N&on and A. S. Sanwrdhan 

Electromagnetic Sounding of t h e  Lunar and T e r r e s t r i a l  Crus ts .  . . . .  78 
D .  W .  Sahangway 

. . . . . . . . . . .  The Role of Water i n  P lane tary  Tec tonics  79 
S.  L .  Wmneh 

Sign i f i cance  of Megashear Zones and I n t r a c r a t o n i c  Basins i n  
. . . . . . . . . . . .  t h e  Evolution of  Continental  Crust. 83 

P .  W .  WeibRen 

Anor thos i t i c  Complexes i n  t h e  Early Crust o f  t h e  Earth: 
. . . . . . . .  Comparison of  Mineralogy with Lunar Anorthosi tes  84 

B.  F .  Windeey, F .  C. Bhhop, S. V. Smith, 1. M .  SteeRe, 
R. C. N W v n ,  1. S.  Deluney, G .  R .  McCvhmich 

. . . . . . . . . . . . . . . .  Compilation of Ques t ionna i r e  87 

A Shor t  Bibl iography.  . . . . . . . . . . . . . . . . . .  97 



SUMMARY OF WORKSHOP ON ANCIENT CRUSTS OF THE TERRESTRIAL PLANETS 

T, I?. McGetchin, C.  H .  Simonds, P, W .  Weiblen and 9 .  Wooden 

DESCRIPIlON OF THE WORKSHOP A N D  BACKGROUND 

On 12-1 4 February 1979, approxf mately 50 sc ien t i s t s  participated in  a 
workshop cn "Ancient Crusts of the Terrestr ia l  Planets," held a t  the Lunar and 
Planetary Ins t i tu t e .  The workshop encouraged interaction between sc i en t i s t s  
studying the ancient t e r r e s t r i a l  rocks and those studying the old crusts  of 
the planets of the inner solar system. 

The Earth 

The workshop opened with reviews of the present data base on the geology 
and geochemistry of the Archean as exposed in North America (the Superior 
Province, Labrador, and Wyomi ng) and Africa ( the Kaapvaal craton) . 

The Superior Province represents the largest  and best exposed example of 
an Archean greenstone-granite terrane; however, the discussion emphasized tha t  
models of i t s  evol ution remain conjectural . The principal uncertaini t i e s  
appear to  be the following: 1)  What was the tectonic environment in which the 
greenstone-granite terrane formed ( r i f t ,  back arc basin, plate subduction, sag 
subduction)? 2 )  Bid the greenstone-grani t e  terrane develop on older "conti- 
nental" crust?  3) I f  an older "continental" crust  was present, what was i t s  
composition, age, extent,  and involvement in magma production? 4 )  What were 
the original relationships between the greenstone-granite terranes and the 
gneiss teinranes? 5 )  Under what thermal gradients and convection condi t i  ons did 
greenstone--grani t e  terranes develop? 6 )  What were the original thicknesses of 
the greenstone volcanic sequences? 7)  What i s  the ultimate origin and nature 
of the 2,8-2.5 b.y. event that  i s  common to  many of the Archean cratons? 

The combination of detailed mapping and isotopic studies in the Saglek- 
Hebron area in Labrador provides a well-constrained interpretation of the 
origin of a complex, high-grade Archean gneiss terrane. A succession of 
crustal  additions and thermal and tectonic events have been deciphered which 
extend from 3.8 to  about 1.7 bey. 

I t  was suggested on the basis of trace element. data that  the t o n a l i t i c  
rocks of the greenslone-granite terrane of northern Minnesota are  derived from 
a basal t ic  source which in turn was derived by partial  melting of the mantle. 
The tonal i t i c  to  adamel 1 i t i c  rocks of the Ninnesota River Valley do not have 
a basal t i c  source, b u t  instead require a 1 ight R E E  enriched source whose bul k 
composition may be roughly d io r i t i c .  I t  was emphasized that  a crustal source 
region such as tha t  suggested for  the Minnesota River Valley rocks i s  so large 
that  i t  probably contains a number of rock types whose average composition 
must be considered in partial  melting processes. 

A very s imilar  b u t  not identical sequence of events i s  documented fo r  
southwestern Greenland. Rocks, greater than 3.0 b.y. old,  are also present 
in northern Michigan, Wisconsin, and southern Minnesota. This dominantly 
gneissic terrane,  which l i e s  south of the southernmost exposures of the 
Superior Province greenstone-grani t e  terrane,  a1 so records a complex hi story 
ranging from 3.6-1,7 bay. with major events of roughly the same age as those 
of Greenland and Labrador. The Laramide upl i f t s  of Wyoming and Montana 
contain several Archean sequences which current research indicates are  
dominated by 3.0 boy. and younger Archean rocks, The Archean rocks of the 
Kaapvall craton, southern Africa were described. I t  was noted tha t  the major 
greenstone-granite terrane of the Kaapvaal i s  older than tha t  of Canada and 
western Austral i a .  



The isotopic record of Archean rocks i s  complicated by the complex thermal 
and tectonic events tha t  have occurred during the s tab i l iza t ion  of the older 
crust .  The Rb-Sr radiometric system i s  the most widely applied isotopic 
system in Archean rocks, b u t  i t  i s  subject t o  many problems including Rb loss 
during recrystalization, Rb gain i n  re la t ive  low Rb systems by diffusion or 
f lu id  t ransfer  during metamorphism, Rb gai n during periods of intrusion of 
high alkal i  magmas and/or associated f luids ,  and Sr loss during shearing. 
Previously determined i n i t i a l  Sr ra t ios  f o r  the older Archean rocks of 
Labrador and Greenland may be s l ight ly  high as new studies of the oldest 
ident i f ied Labrador rocks indicate ages of about 3.85 bey. and Sr i n i t i a l s  of 
0.7000-0.7005. Sr isotopes do indicate tha t  the majority of the Archean crus t  
was developed in short  (50-200 m.y.) episodic cycles t h a t  involved the mu1 t i-  
stage processing of material (probably basal t s )  derived from the mantle. The 
combined use of the Rb-Sr, Sm-Nd, Pb-Pb, and U-Pb zircon systems should 
provide a powerful tool for  determi n i  ng Archean chronologies and in addition 
provide much data useful fo r  constraining petrogenetic processes during the 
Archean. 

Thickening of the crust  i n  the Archean occurred in  response to  a unique 
but poorly understood thermal regime. The double convective systems of 
Mackenzie and Weiss were discussed. A heat flow model w i t h  a maximum of about 
twice the present value a t  2.8 b.y. and a subsidiary maximum a t  3.5 b.y. was 
suggested and related t o  extensive production of scattered s i a l i c  crust  in 
t h i s  interval . 

I t  i s  apparent from the s t ructural  record tha t  s tab i l iza t ion  of the crust  
in Archean greens tone-grani t e  terranes involved a complex tectonic regime. 
Modern-day plate tectonic analogs can be found fo r  many of the tectonic 
features of greenstone-granite terranes; however, detailed f i e ld  studies in 
the western part  of the Superior Province reveal two, possibly overlapping, 
periods of tectonic deformation: an early period responsible fo r  the gross 
s t ructure and folds within the metavolcanic terrane and a second period 
related to  large-scale transcurrent fau l t s .  The former can be related to  
gravity tectonics associated with emplacement of ( ~ 5 0  km) tonal i t i c  diapi r s  
and the l a t t e r  with horizontal motion tectonics. 

Understanding the tectonics of the Archean represents a major challenge, 
The discussion emphasized the need f o r  caution i n  using a simple uniformitar- 
ian approach t o  the use of modern day analogs to  a more mobile and thinner 
lithosphere. The problem i s  fur ther  complicated by the f a c t  t ha t  impact 
c ra te r i  ng may have played a s ignif icant  ro le  i n  establ ishi  ng fracture patterns 
and localizing igneous ac t iv i ty  and sedimentation. In view of the record of 
meteori t e  impact on the other inner planets, t h i s  process must be taken into 
account in  the early (4.5-3.9 b.y.) thermal evolution of the earth.  

The Moon 

Among the t e r r e s t r i a l  planets the moon represents the simplest example of 
an evolved body. The essence of petrologic, geochemical and isotopic studies 
of the moon comes from the f a c t  t ha t  the planet v i r tua l ly  lacks any Hz0 or 
C02 or any evidence for  tectonic processes other than those driven by impact. 
Chemical fractionation on the moon is  assumed t o  take place almost exclusive- 
ly by igneous processes (crystal  s e t t l i ng  and part ia l  me1 t ing ) .  The lack of 
water or an atmosphere precludes fractionation by weathering and sedimentation. 



Also the lack of water probably precludes the kinds of chemical migration 
often inferred to  occur in t e r r e s t r i a l  metamorphic terranes.  Although impact 

. induced fractionation by volati 1 ization has been suggested numerous times, i t  
has not been unequivocally demonstrated to  operate in  any environment other 
than tha t  i n  the upper few meters of lunar s o i l ,  and i s  not relevant t o  the 
kilometer and larger scaleimpacts which dominate the moon's cratering record. 

Study of the Apollo samples established tha t  the outer few hundred kilo- 
meters of the moon were fractionated by igneous processes during the f i r s t  
few hundred million years following accretion. Direct evidence fo r  th i s  
event i ncl udes a small number of coarse grai ned anorthosi t e s  , troctol i tes  , 
nori tes  and duni t e s ,  which i n  some cases have cumulate textures and which i n  
two cases have yielded crystal l izat ion ages of 4.2-4.6 b.y. Many of the other 
non-mare samples yield isotopic data indicating fractionation of Rb from Sr 
very ear ly in the planet 's  history. Further evidence for  the early fractiona- 
tion comes from trace element studies of the mare basal t s  (crystal1 ization 
ages 3.9-3.0 bey. ) which suggest t ha t  they come from a source which i t s e l f  
fractionated from feldspar. Model ing of Sm-Nd, Rb-Sr and U-Pb isotopic system- 
a t i c s  of the mare basalts suggests tha t  the early fractionation of the source 
of the mare basal ts also took place ear ly in lunar history. The process of 
the early fractionation has been conceptualized by some workers as occurring 
by crystal  fractionation of a planet encircling ocean or magma which has an 
ultramafic (almost but not quite chondritic) source. Much of the controversies 
i n  describing early fractionation involve the detai 1 s of i sotopical 1y dating 
the samples, modeling the isotopic data, and understanding the best ways to  
interpret  t race element analyses of coarse grained pl utonic rocks and ar r ive  
a t  a reasonable estimate of the composition of the primary l iquid from which 
they crystal l ized.  

Impact processes have extensively reworked the lunar surface, and have 
introduced several percent meteoritic contaminati.on, as indicated by the 1 eve1 
of s i  derophyl e contamination i n  impact produced breccias above endogenous 
lunar level.  The precise dating of the impact events represented i n  the 
Apollo col lect ion,  and by inference the age of the bulk of the morphologic 
c ra te rs  v is ib le  i n  the highlands i s  d i f f i c u l t  analyt ical ly ,  b u t  of great 
importance, since these ages form the basis of dating impact events throughout 
the inner so lar  system. 

Volatiles - A Major Variable 

I t  is concluded by most workers tha t  one of the principal controls on the 
igneous fractionation of the planets i s  the H20 and CO2 contents. Partial  
melting of ultramafic compositions is  strongly affected by the amount of water 
and C02 in the source and phases containing those vo la t i l e  species. Adding 
water t o  dry peridot i te  generally increases the degree of s i l i c a  saturation 
and any part ia l  melts, as well as producing a major reduction in the tempera- 
ture  required to  i n i t i a t e  me1 t ina ,  Carbon dioxide also has strong effects  on 
a1 ter ing the me1 t ing  temperature and composition of basal t s  derived. Thus  
understanding the amount and r a t i o  between the various potential vo la t i le  
species i s  c r i t i c a l  t o  understanding planetary fractionation. 



CONCLUSIONS 

The Questions 

What i s  the relationship between the ancient lunar uplands and the Archean 
of the earth? Were the ancient crusts of a l l  the t e r r e s t r i a l  planets floated 
out of a "magma ocean" as some lunar sc i en t i s t s  postulate? Or i s  water so 
important in t e r r e s t r i a l  petrogenesis that  the moon and earth have l i t t l e  o r  
nothing to  do with each other, as f a r  as the i r  crusts  are concerned. 

In jumping into such strange waters, we found many fundamental questions 
had to  be asked - few had answers, b u t  i t  was good to  begin defining the 
issues. Among the most prominent questions are: (1 ) what i s  the nature of 
the oldest t e r r e s t r i a l  s i  1 i c i c  crust  accessible for  study - i t s  composition, 
structure and origin? What are the precursor (source) rocks from which the 
ea r l i e s t  s i l i c i c  rocks were derived? ( 2 )  What i s  the origin of the oldest 
vol canic rocks ; are they re1 ated to  plate margin processes, mi d-pl a t e  features 
(similar t o  Hawaii) and do they represent a tectonic s ty l e  (thin 1 i thosphere) 
unique to the Archean? (3 )  What i s  responsible for  the episodes of petro- 
genesis in the Archean? Does thi  s epi sodi ci ty  ref l ec t  internal convection? 
Are the episodes real?  (4) What i s  the nature of the lower crust  of the ear th? 
Is water pervasive there? How did the lower crust  originate? How i s  i t  
related t o  the upper crust ;  the upper mantle? Is i t  currently being formed or  
does i t  represent an early t e r r e s t r i a l  crust  which developed direct ly  on top 
of the Moho? ( 5 )  How did the lunar uplands originate? Did a similar process 
work on the earth? Would a process of plagioclase floation work in volat i le-  
bearing magma? (6) How important were (and are)  volat i les  in the formation of 
the ear th ' s  crust?  What are  the volat i les  in the lower crust?  Where did they 
come from? (7)  How i s  water distributed throughout the solar  system - t ha t  
i s ,  are  planets nearer the sun l ike ly  to contain less  water (and other vola- 
t i l e s )  because they accreted in a hotter environment? (8) What about the other 
planets? What do Mars, Venus and Mercury t e l l  us about the ear th ' s  crust? 
What do we real ly  know about these surfaces? Among the array of t e r r e s t r i a l  
planets, the earth i s  the la rges t ,  the moon the smallest - so i f  processes 
d i f f e r  because of planetary mass, then one might think so. There may be other 
more important ones, the abundance of water fo r  example. 

Present State of the Answers 

The Moon 

The Moon has a crust  which varies in thickness from 2 to  60 km and i s  
older than 4 b.y., in general. Upland samples returned by Apollo 14, 15, 16 
and 17 suggest that  i t  i s  anorthosite and nori te ,  pervasively brecciated. I t  
i s  commonly believed these feldspar-rich rocks floated to  the surface of a 
primordi a1 ci rcuml unar magma-ocean. Lunar crustal petrogenesi s was anhydrous. 

The Earth 

The e a r l i e s t  crust  of the Earth i s  nowhere preserved. The oldest rocks 
are  granodiori t i  c or tonal i t e  gnei sses , be1 ieved to  be derived by parti  a1 
melting of a yet  older tona l i t i c  ( ? )  parent, perhaps in the lower crust .  



The Other Planets 

Data are very sparce, b u t  . . . 

Future Work 

Resolution of the issues raised will require much more data than we 
presently have a t  our disposal. For the ear th,  we need volume estimates of 
the major rock uni ts ,  the sequence of events responsible for  t h e i r  formation 
and the i r  s t r e s s  and structural hi story.  This wi 11 require fie1 d observation 
and extensive laboratory work on carefully selected sui tes  of rocks. Data from 
the other planets will be provided by the planetary exploration program, b u t  
l i t t l e  of much significance for  th i s  problem can be anticipated fo r  more than 
a decade. 

Valuable new data u t i l iz ing  exis t ing techniques can be expected from (1 ) 
observational f i e l d  petrology, ( 2 )  experimental petrology, (3)  process analog 
models and (4)  theoretical modeling. Possible new approaches and techniques 
which may provide important new insights are:  (1) coordinated studies on well 
selected su i tes  of samples (such as has been accomplished on the lunar  sample^)^ 
( 2 )  geophysical consortia (such as COCORP) which may provide needed data on 
regional s t ructural  relationships,  (3) continental d r i l l  ing, (4)  possibly 
observations of the earth from space,and ( 5 )  comparative planetology. 
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CRUSTAL DEVELOPMENT OF THE WESTERN PART OF THE ARCHEAN SUPERIOR 
PROVINCE, MANITOBA AND NORTHWESTERN ONTARIO. L.D. Ayres, Department of 
E a r t h  Sc iences ,  Un ive r s i t y  of Manitoba, Winnipeg, Manitoba, Canada R3T 2N2 

The dominant f e a t u r e  of the  wes tern  Superior  Province i s  a  s e r i e s  of 
e a s t -  t r e n d i n g  subprovinces t h a t  d i f f e r  i n  l i t h o l o g y ,  s t r u c t u r e ,  and me tamor- 
ph ic  grade.  The subprovinces range  i n  width from 40 t o  300 km and r e p r e s e n t  
deformed primary l i t h o l o g i c  sequences t h a t  a r e  i n  p a r t  now faul t -bounded.  
Seven subprovinces have been def ined .  From sou th  t o  n o r t h  these  a r e :  Wawa 
metavolcanic-granodior i  t e  (V. G. ), Quet ico  metasedimentary, Wabigoon V. G . ,  
Eng l i sh  River  metasedimentary- g r a n i t o i d ,  Uchi V. G.,  Berens River  g r a n i t o i d ,  
and Sachigo V.G. subprovinces.  The v a r i a t i o n s  among these  subprovinces 
probably r e f l e c t  d i f f e r e n t  processes  of c r u s t a l  evo lu t ion .  

The fou r  me tavolcanic-  g ranod io r i  t e  subprovinces comprise i s o c l i n a l l y  
fo lded  metavolcanic-metasedimentary sequences (greenstone b e l t s )  i n t ruded  by 
l a r g e ,  composite,  d i a p i r i c  granodiori te- trondhjemite b a t h o l i t h s .  Metamorphic 
grade i n  the  greens tone  b e l t s  ranges  from lower g r e e n s c h i s t  i n  t h e  c e n t r e  t o  
lower amphibol i te  a t  t he  margins.  Each greenstone b e l t  i s  only  a  remnant 
of t he  o r i g i n a l  volcanic-sedimentary sequence which was dismembered by 
emplacement of the b a t h o l i t h s .  

These subprovinces appear  t o  r e p r e s e n t  deformed l i n e a r  vo lcanic  i s l a n d  
cha ins  t h a t  developed a long  major f r a c t u r e s  o r  r i f t  sy s  tems i n  t h e  e a r l y  
c r u s t ,  about  2 .75  t o  2.7 Ga. I n i t i a l  volcanism produced a  s e r i e s  of coa l -  
l e s c i n g ,  subaqueous, k o m a t i i t i c  and t h o l e i i t i c  b a s a l t i c  s h i e l d  volcanoes t h a t  
g radua l ly  b u i l t  up toward s e a  l e v e l .  Extensive downsinking of t he  volcanoes 
due t o  i s o s t a t i c  loading  of t he  c r u s t  r e s u l t e d  i n  e r u p t i o n  of t h i c k  (>  10  km) 
subaqueous pi l lowed b a s a l t  sequences i n  oceans only 2  t o  3  Ean deep. The 
s h i e l d  s t a g e  was superceded by l a r g e  s u b a e r i a l  and subaqueous, l a r g e l y  pyro- 
c l a s t i c ,  c a l c - a l k a l i n e  d a c i t i c  t o  r h y o l i t i c  s t r a tovo lcanoes .  Much of t h e  
s u b a e r i a l l y  e rup ted  tephra  was reworked and even tua l ly  depos i ted  on the  sub- 
aqueous f l a n k s  of the  volcanoes a s  v o l c a n i c l a s t i c  greywacke and conglomerate.  
When the  reworked component i s  cons idered ,  Archean volcanism produced a  
d i s t i n c t l y  bimodal b a s a l t - d a c i t e  s u i t e .  This  bimodal i ty  impl ies  a  dua l  
magma source ;  b a s a l t  from the  mantle  and d a c i t e  from p a r t i a l  me l t i ng  of the  
s i n k i n g  b a s a l t i c  base (now amphibol i te )  of t h e  volcanoes. 

The ex tens ive  b a t h o l i t h s  a r e  15  t o  20 km t h i c k  s h e e t s  t h a t  may r ep re -  
s e n t  a  deeper -sea ted  c o n t i n u a t i o n  of t he  magmatism t h a t  produced the  s t r a t o -  
volcanoes.  This major p l u t o n i c  event  s t a b i l i z e d  the  p r e s e n t  c r u s t  and 
f u r t h e r  developed the  t i g h t  i s o c l i n a l  f o l d i n g  t h a t  had been i n i t i a t e d  du r ing  
downs ink ing .  

The pre-volcanism c r u s t  was l a r g e l y  des t royed  by emplacement of t h e  
younger b a t h o l i t h s ,  bu t  t he  i d e n t i f i e d  remnants a r e  l z r g e l y  t rondhjemite-  
t o n a l i t e  p lu tons  (2.95-3.05 Ga), metamorphosed t o  amphibol i te  f a c i e s .  The 
n a t u r e  of the  s u p r a c r u s t a l  sequence i n t o  which the  p lu tons  were emplaced 
i s  unknown, but  t he  o l d e s t  known volcanic  sequence (2.95 Ga) i s  about  t h e  
same age a s  the p lu tons  and may have been p a r t  of the  e a r l y  c r u s t .  The 
presence of the t rcndhjemi te  may imply an  e a r l i e r  mafic  (vo lcan ic? )  even t  
which would have been the  p a r t i a l  me l t i ng  source of the t rondhjemite  mama. 
P r i o r  t o  the ex t ens ive  2 . 7 5  Ga volcanism, the  e a r l y  Archean c r u s t  must have 
been u p l i f t e d  and eroded t o  expose the  p lu tons ,  and consequently formed 
c o n t i n e n t a l  land masses of unknown e x t e n t .  When the  2 .75  Ga volcanism 
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began, much of t he  e a r l y  c r u s t  was submerged, a l though l o c a l  c r u s t - d e r i v e d  
sedimentary u n i t s  a t t e s t  t o  some emergent c r u s t .  

The Quet ico  and Engl i sh  River  subprovinces d i f f e r  from t h e  metavolcanic-  
g r a n o d i o r i t e  (V.G.) subprovinces i n  the  r a r i t y  of metavolcanic  u n i t s ,  abun- 
dance of m e t a - t u r b i d i t e ,  h igher  metamorphic grade (amphibol i te  t o  l o c a l l y  
g r a n u l i t e  f a s i e s )  and lower abundance of g r a n i t o i d  rocks i n  most a r e a s .  The 
m e t a - t u r b i d i t e s  appear  t o  be a f a c i e s  e q u i v a l e n t  of t h e  d a c i t i c  volcanism i n  
the  a d j a c e n t  subprovinces and r e p r e s e n t  d e p o s i t i o n  i n  t h e  open ocean o r  i n  
l i n e a r  bas ins  between vo lcan ic  i s l a n d  cha ins .  Recons t ruc ted  f a c i e s  r e l a t i o n -  
s h i p s  a c r o s s  the  Quet ico  subprovince i n d i c a t e  t h a t  t h e  vo lcan ic  i s l a n d  cha ins  
developed s e q u e n t i a l l y  r a t h e r  than  s imultaneously.  

The h ighe r  metamorphic grade of the  Quet ico  and Engl i sh  River  subprovin-  
ces  compared t o  t he  V.G.  subprovinces i s  anomalous. One would expec t  t h a t  
t he  c o n c e n t r a t i o n  of magmatism i n  the  V.G.  subprovinces would have r e s u l t e d  
i n  a h igher  metamorphic grade than i n  t he  a d j a c e n t  sedimentary b a s i n a l  
d e p o s i t s .  The low metamorphic grade of t h e  V.G. subprovinces may r e f l e c t  
suppress ion  of metamorphic i sog rads  by r a p i d  downsinking of t h e  volcanoes.  

The Berens River  subprovince r e p r e s e n t s  a deeper ,  more p l u t o n i c  c r u s t a l  
l e v e l ,  b u t  i t  i s  poor ly  known. 

There a r e  many s i m i l a r i t i e s  i n  volcanism, sed imenta t ion ,  plutonism and 
metamorphism between the  Super ior  Province and o t h e r  Archean s h i e l d  a r e a s .  
I n  a l l  s h i e l d s  e x t e n s i v e  greens tone  b e l t  volcanism followed by p lu tonism 
was a major c r u s t  s t a b i l i z a t i o n  event .  However, i t  occurred a t  d i f f e r e n t  
t imes i n  d i f f e r e n t  s h i e l d s .  



TWO ARCHEAN GRAY GNEISS COMPLEXES: KAAPVAAL CRATON AND BIG HORN 
MOUNTAINS, Fred Barker, U .  S. Geological Survey, Denver, CO 80225 

Archean gray gneiss complexes, except for  the i r  included remnants of 
supracrustal rocks, form the oldest known t e r r e s t r i a l  crust .  In many loca l i -  
t i e s  they are found adjacent to  or may occur as basement to younger greenstone 
bel ts  of the classic  younger Archean type. These gneiss terranes consist  
largely of complexly deformed, banded tona l i t i c  and trondhjemitic gneisses 
(IUGS c lass i f ica t ion)  , of minor to  abundant metabasal t of thol e i  i t i c ,  calc- 
alkaline and not uncommon komatiitic types, of minor post-tonalitic-trond- 
hjemitic-gneiss intrusive quartz d io r i t e  to  granodiorite, and rare  meta- 
sedimentary rocks. A comparative study of 3.0-g.y.-old gray gneiss complexes 
of the Big Horn Up1 i f t ,  Wyoming, and of the pre-3.4-g.y.-old Ancient Gneiss 
Complex of the eastern Kaapvaal Craton, Swazi 1 and and Transvaal , shows many 
simi 1 a r i  t i e s  as we1 1 greater complexities in the more extensive African terrane. 

The Wyoming gneisses a re  we1 1 banded in b io t i t e  versus plagioclase and 
quartz, a t  l eas t  twice deformed, and metamorphosed to  upper amphi bol i t e  facies.  
They are  trondh jemi t i c ,  of hi gh-A1 type (>I 5%),  HREE-depl eted, show Rb/Sr 

ra t ios  of about 0.1 and an i n i t i a l  87Sr/86Sr r a t io  of 0.7000. Small (<20 m 
wide) lent icular  inclusions of metabasalt form 1 - 2% of the complex: of f ive  
samples analyzed to  date, one i s  primitive and LREE depleted, three are  of 
typical 01 ivine-normative Archean tholei i t e ,  and one i s  quartz-normative, 
moderately LREE-enriched thol e i i  t e .  The Ancient Gneiss Complex consists of an 
older bimodal su i t e ,  a younger metamorphite su i t e ,  and sil iceous intrusives of 
several types. The bimodal su i t e  includes closely interlayered, largely 
trondhjemitic gneisses of garden variety high-A1203, HREE-depleted type and of 

the rather rare low-A1 203, hi gh-Si O2 (>75%), LREE-enriched and non-HREE- 

depleted type, as we1 1 as metabasal t ranging from komati i t i c  to  cal c-a1 kal ine 
types. The metamorphite su i t e  consists largely of microcline gneiss, meta- 
tho1 e i  i t e  and 1 ow- K s i  l i ceous gneiss. 

The preferred mode of genera t i  on of these ancient gray gnei ss  compl exes, 
following the suggestion of T.  H .  Green and Ringwood (1968) and as presented 
by Barker and A r t h  (1976), involved accumulation of thick pi les  of basalt ,  
metamorphism of the 1 ower parts of these pi 1 es to  amphi bol i t e ,  partial  me1 t i  ng 
of the amphi bol i t e  to  trondhjemi tic-tonal i t i c  1 iquids, and r i s e  of these 
1 iquids - accompanied by continuing basal t i c  magmatism - t o  upper crustal or 
extrusive levels.  Thus in a two-stage process sil iceous rocks of low density 
are  formed from the mantle. Trondhjemites thus occupy a key role in crustal 
genesis. Rocks of grani t ic  composition (K20 2 3%) may be generated in turn by 
anatexis of gray gneiss complexes or sediments derived therefrom, b u t  must be 
considered of secondary importance in crustal genesis. 



EXPERIMENTAL STUDIES OF THE EFFECTS OF VOLATILE 
COMPONENTS ON MELTING AND OTHER PHASE TRANSFORMATIONS I N  THE 
TERRESTRIAL PLANETS, A. B o e t t c h e r ,  D e p a r t m e n t  o f  E a r t h  a n d  Space 
S c i e n c e s ,  U n i v e r s i t y  o f  C a l i f o r n i a ,  L o s  A n g e l e s ,  L o s  A n g e l e s ,  C A  
90024 .  

To u n d e r s t a n d  t h e  o r i g i n  and  e v o l u t i o n  o f  t h e  t e r r e s t r i a l  
p l a n e t s ,  i t  i s  n e c e s s a r y  t o  u n d e r s t a n d  t h e  e f f e c t s  o f  v o l a t i l e  
componen ts  o n  m e l t i n g  a n d  o t h e r  p h a s e  t r a n s f o r m a t i o n s .  

A t  p r e s s u r e s  b e l o w  a b o u t  1 5  K b a r s ,  H20 i s  t h e  m o s t  i m p o r t a n t  

o f  t h e s e  componen ts  b e c a u s e  o f  t h e  l a r g e  s o l u b i l i t y  i n  s i l i c a t e  
l i q u i d s  and  t h e  s t a b i l i t i e s  o f  r e f r a c t o r y  h y d r o u s  m i n e r a l s ,  
i n c l u d i n g  a m p h i b o l e s  a n d  m i c a s .  A t  h i g h e r  p r e s s u r e s ,  C02 becomes 

v e r y  s o l u b l e  i n  t h e s e  l i q u i d s ,  a n d  c a r b o n a t e s  a r e  more  s t a b l e  i n  
p e r i d o t i t e  t h a n  i s  C 0 2 - r i c h  v a p o r .  The e f f e c t s  o f  CH4 a n d  o t h e r  

r e d u c e d  s p e c i e s  a r e  unknown, b u t  t h e y  may b e  more  s t a b l e  t h a n  C02 

+ H20 i n  t h e  i n t e r i o r s  o f  t h e  E a r t h  a n d  o t h e r  p l a n e t s .  

H i g h - p r e s s u r e  e x p e r i m e n t a l  s t u d i e s  r e v e a l  t h a t  t h e  eoneentra-  
t i o n s  o f  v o l a t i l e  s p e c i e s  a s  w e l l  a s  t h e  f u g a c i t i e s  o f  H20, C02, 

Hz, 0 2 ,  a n d  o t h e r  componen ts  a r e  r e q u i r e d  t o  s h e d  l i g h t  o n  

endogeneous p r o c e s s e s  i n  t h e  p l a n e t s .  V a l u a b l e  e s t i m a t e s  o f  t h e s e  
p a r a m e t e r s  c a n  b e  g l e a n e d  f r o m  s t u d i e s  o f  t h e  c o m p o s i t i o n s  o f  t h e  
a t m o s p h e r e s  a n d  c r u s t s  o f  t h e s e  p l a n e t s  as  w e l l  as  f r o m  c o n t i n u e d  
l a b o r a t o r y  i n v e s t i g a t i o n s  a n d  t h e r m o d y n a m i c  c a l c u l a t i o n s ,  a l l  o f  
w h i c h  a r e  i n  i n f a n c y .  
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Structure in Archean basement rocks now a t  the surface can be exceedingly 
complex, with folds,  intrusions,  and faulting on several scales. This struc- 
tural  s ty le  i s  a reasonable analogue for  basement rocks of the continental 
crust  a t  depth. Traditionally applied geophysical methods have general ly 
lacked suff ic ient  resolution to  map such complex structural trends a t  great 
depths. Recent e f for t s  t o  apply high resolution seismic reflection techniques 
to the study of continental basement s t ructure have significantly changed th i s  
s i tuat ion.  The most ambitious attempt i s  being guided by the Consortium for  
Continental Ref1 ection Profi 1 ing (COCORP) , using state-of -the-art  mu1 t i  channel 
seismic reflection methods. Over 40 s i t e s  have been proposed for  COCORP f i e ld  
work, and surveys have been carried out a t  seven, representing a variety of 
geological problems in both the eastern and western U .  S. The resu l t  i s  a 
large,  internally consistent base of new, high resolution geophysical informa- 
tion bearing on both specific and general structural problems down to  lower 
crustal and upper mantle depths. 

Specific resul ts  include: 

( a )  Tracing the Laramide frontal f a u l t  of the Wind River Uplift to great 
depth as a moderate angle thrus t ,  confirming compressional forces as i t s  
cause. 

( b )  Mapping an extensive, strong ref lector  a t  mid-crustal depths beneath the 
Rio Grande Rift  near Socorro, New Mexico, corresponding to  a magma body 
previously inferred on the basis of independent evidence. 

( c )  Imaging the San Andreas f au l t  as a we1 1 defined, near vertical zone of 
disrupted reflection character, probably corresponding to a plane of 
intense p1 a s t i c  shearing. 

( d )  Demonstrating the [lateral  ] complexity [of] and 1 ateral  heterogeneity of 
the crust-mantle t ransi t ion zone (Moho). 

On a more general basis, these surveys establish the essentially hetero- 
geneous nature of the c rus t ,  whose seismic character (and corresponding 
structural s ty l e )  can be mapped in terms of: 

) Continuous events corresponding to  major faul l s  , (meta- ) sedimentary 
and igneous layering, or zones of par t ia l ly  molten material. 

) Zones of short ,  discontinuous ref1 ectors , possibly corresponding to  
deformed and intruded metamorphic terrains  (Archean structural 
s ty l e? ) .  

(3)  Zones of transparent seismic character, most easi ly  interpreted as 
homogenous (grani toid?)  pl utons. 

Observation such as these provide a basis for  mapping the distribution of 
metamorphic and igneous components in the c rus t ,  tracing major crustal fau l t s  
to depth, identifying mechani sms of magma transport and emplacement, and 
investigating the role of deep structure in controlling the nature and location 
of shallow structures and resources. 

While many interpretational problems remain, and the technique has proven 
more successful a t  addressing certain types of structural problems (e .g. ,  
thrust  faul t ing)  than others, i t  i s  c lear  tha t  the resul ts  of reflection 
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surveys are  an important new tool fo r  geologists and geophysicists attempting 
to decipher the architecture of the continental crust .  Students s f  ancient 
crusts, in particular,  should find tha t  these new observations provide an 
improved perspective on the nature of crustal evolution. 
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The Archean gne i s s  complex i n  t h e  Saglek-IIebron a r e a  of nor thern  Labrador 
has experienced a long and complex igneous, metamorphic and s t r u c t u r a l  h i s t o r y  
which spanned c i r c a  2000 M a  of Ear th  h i s t o r y .  Despite  t h i s  complexity it has  
been poss ib le  by c a r e f u l  observat ion and f i e l d  mapping t o  e s t a b l i s h  a r e l a t i v e  
chronology (Table 1 )  between t h e  d i f f e r e n t  major l i t h o l o g i c a l  u n i t s  (Bridgwater 
e t  a l . ,  1975; Collerson e t  a l . ,  1976). This  r e l a t i v e  chronology of even t s  is  
i n  p a r t  based on t h e  r e l a t i o n s h i p  between a swarm of c h a r a c t e r i s t i c  meta-diabase 
dykes (Saglek dykes) and t h e  d i f f e r e n t  g n e i s s i c  l i t h o l o g i e s ,  and on r a r e l y  
observed i n t r u s i v e  r e l a t i o n s h i p s  among t h e  igneous p r o t o l i t h s  of some of t h e  
gneisses ,  preserved i n  domains of low f i n i t e  s t r a i n .  The s t r a t i g r a p h y  of t h e  
gne i s s  t e r r a i n  i s  broadly subdivided i n t o :  (1) l i t h o l o g i e s  which pre-date t h e  
dykes and, (2) l i t h o l o g i e s  formed from p r o t o l i t h s  emplaced, l a i d  down o r  t e c t -  
t o n i c a l l y  r e f o l i a t e d  a f t e r  i n t r u s i o n  of t h e  dykes. It i s  comparable t o  t h e  
sequence of events  recognised by McGregor (1973) f o r  t h e  Archean gne i s s  complex 
i n  t h e  Godthaab d i s t r i c t  of West Greenland. 

I n  Northern Labrador t h e  TABLE 1 :  MAJOR EVENTS I I ~  THE ARCHEM GNEISS COHPLEX - SAGLEK 

e a r l y  Archean c r u s t  (pre-  re-sa0lek dyke events. 

Saglek dyke) i s  composed I. E a r l y  c r u s t  

predominantly of e i t h e r  
migmatitic o r  porphyroclas t ic  
(augen) quartzo-feldspathic 
gneisses  which conta in  
inc lus ions  of e a r l i e r  supra- 
c r u s t a l  l i t h o l o g i e s  ( t h e  
Nul l iak  assemblage) and 
layered gabbros and 
anor thos i t e s  ( t h e  Mentzel 
I n t r u s i v e  Associat ion) .  

2. Deposit ion and ex t rus ion  o f  the  N u l l i a k  assemblage 

3. High-grade metamorphism 

4. Emplacement o f  the p r o t o l i t h s  o f  the Uivak 1 gneisses C.3800 Ha. 

5. Deformation - metamorphism o f  the Uivak I gneisses C.3500 3a. 

6. Emplacerant o f  the  p r o t o l i t h s  o f  the Nentzel I n t r u s i v e  Associat ion 
and the Uivak I 1  gneisses 

7 .  Deformation - metamorphism, formation o f  Uivak I 1  gneisses C.3600 Ya. 

8. I n t r u s i o n  o f  the Saglek dykes 

Post-Saglek dyke events. 

9. Deformation 3420 Ma. 

10. Deposit ion and ex t rus ion  o f  the  Upernavik supracrustals? 

Outcrops of t h e  Nul l iak  11. Emplacement o f  layered in t rus ions  o f  u l t ramaf ic ,  gabbroic and 
a n o r t h o s i t i c  composition. 

assemblage range from semi- 
12. I n t e r c a l a t i o n  Uivak gneisses and the Upernavik supracrustals.  

continuous u n i t s  2-3 km along Pre 3000 #a. 

s t r i k e  and 50-100 m wide t o  13 Emplacement o f  syn tec ton ic  t o n a l i t ~ c  and g r a n i t i c  sheets c 2500 Ma 

t e c t o n i c a l l y  fragmented, 14 Reac t iva t ion  o f  the gnelss complex formation o f  Klyuktek gnelss 
C 270- 

h igh ly  a t tenuated  inc lus ions  ( 1 3 1 4  penecontemporaneous associated w i t h  g r a n u l i t e  - amphiboll te  
f a c i e s  metamorphism) 

seldom l a r g e r  than 1 x 0.25 15. Emplacerent pos t - tec ton ic  g ran i tes  

m i n  s i z e .  The Nul l iak  assem- 16 Emplacement diabase dykes c 1900 Ma 

blage  inc ludes  banded and 17 Yeak metamorphism (hudsoman) 1750 Ma 

homogeneous mafic t o  f e l s i c  
l i t h o l o g i e s  which a r e  thought 
t o  be derived from a b a s a l t i c  t o  f e l s i c  vo lcan ic  sequence. Finely layered  Mg- 
r i c h  clinogyroxene-hornblendites, a s soc ia t ed  wi th  t h e  meta-volcanics, a r e  
regarded e i t h e r  a s  p a r t s  of d i f f e r e n t i a t e d  b a s i c  igneous i n t r u s i o n s  
(pyroxenites)  o r  a s  komat i i t i c  ex t rus ives .  Sediments wi th in  t h e  Nul l iak  
assemblage inc lude  banded s i l i ca t e -ox ide  i r o n  formation,  carbonates and minor 
semi p e l i t e s .  Although t h e  dominant metamorphic grade of t h e  gneiss  complex 
i s  amphibolite f a c i e s  some exposures of Nul l iak  l i t h o l o g i e s  exh ib i t  cores  with 
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g ranu l i t e  f a c i e s  mineralogy. 

The migmatitic and augen gneisses a r e  subdivided i n t o  two s u i t e s  ( the  
Uivak I and Uivak I1 gneisses) .  The Uivak I gneisses which comprise over 80% 
of the  exposed e a r l y  Archean rocks i n  northern Labrador, a r e  a migmatitic t o  
r e l a t i v e l y  homogeneous, dominantly l eucocra t i c ,  medium t o  f i n e  grained s u i t e  
of grey gneisses,  They commonly contain prominent mesoscopic and microscopic 
veins  of K-fledspar r i c h  pegmatite which predate t h e  i n t r u s i o n  of t h e  Uivak I1 
gneisses and t h e  Saglek dykes. Homogeneous por t ions  of t h e  gneisses  a r e  
dominated by q u a r t z - o l i g o c l a s e - m i c r o c l i n e - b i o t i t e - h o r n  trondhjem- 
i t i c ,  t o n a l i t i c  and g ranod ior i t i c  compositions in ter leaved wi th  septa  of more 
l eucocra t i c  gneiss. Sheets  of melanocratic hornblende o r  b i o t i t e - r i c h  gabbroic, 
d i o r i t i c  and monzonitic gneiss  up t o  1 m wide a r e  present  i n  subordinate 
amounts and represent  more mafic phases of t h e  Uivak I s u i t e .  Geochemical and 
micros t ructura l  s t u d i e s  have shown t h a t  t h e  Uivak I s u i t e  formed mainly from 
trondhjemitic  t o  g ranod ior i t i c  parents ,  which were deformed and metamorphosed 
p r i o r  t o  t h e  emplacement of the  Uivak I1 gneisses. I so top ic  s t u d i e s  i n  progress 
a t  A.N.U. i nd ica te  t h a t  t h e  Uivak I gneisses may be a s  o l d  a s  3850 M a  (Fig. 1 ) .  

Fig. 

A.N.U. e eg 
U.C.L.A. 

0.2 0.4 0 6  0.8 1.2 

87 
-11 -1 1. Rb-Sr evolution diagram f o r  t h e  Uivak I gneisses(  Rb~=l. 42x10 y ) . 

The Uivak I1 augen gneisses a r e  a medium t o  coarse grained g r a n i t i c  t o  
g ranod ior i t i c  s u i t e .  They a r e  more potass ic  and a r e  r i c h e r  i n  ferromagnesian 
minerals  than Uivak I gneisses with equivalent  SiO2 content.  I n  terms of 
a r e a l  abundance they c o n s t i t u t e  l e s s  than 10% of t h e  gneiss complex. I n  a reas  
of r e l a t i v e l y  low s t r a i n  i n t r u s i v e  igneous re la t ionsh ips  with t h e  Nulliak 
assemblage supracrus ta l  l i t h o l o g i e s  and with t h e  Uivak I s u i t e  a r e  preserved. 
I n  these  a reas  outcrop widths range up t o  1 km. I n  o the r  a reas  t h e  Uivak I1 
gneisses form narrow shee t s  4 t o  5 i n  width with i n t r u s i v e  contacts  agains t  
Uivak 1 migmatites. 

Mega-xenoliths (up t o  20 x 5 m in  s i ze )  of a disrupted compositionally 
layered meta-gabbro-leucogabbro-anorthosite-diorite plutonic  body ( the  
Mentzel I n t r u s i v e  Association,occur i n  t h e  Uivak I1 gneisses a t  a number of 
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l o c a l i t i e s  and are i n t e r p r e t e d  as r ep resen t ing  an  e a r l y  phase of t h i s  s u i t e .  

The e a r l y  metamorphic h i s t o r y  of t h e  t e r r a i n  involved t h e  formation of 
both g r a n u l i t e  and amphibol i te  f a c i e s  assemblages a t  d i f f e r e n t  s t r u c t u r a l  
l e v e l s .  Mic ros t ruc tu ra l  and paragenet ic  r e l a t i o n s h i p s  i n  t h e  Uivak I grey 
gne i s s  i n d i c a t e s  t h a t  r e t r o g r e s s i o n  from g r a n u l i t e  t o  amphibol i te  f a c i e s  
occurred a f t e r  t h e  es tab l i shment  of t h e  p l ana r  an iso t ropy  i n  t h e  s u i t e .  This  
r eg re s s ion  involved the  development of b i o t i t e  and secondary hornblende from 
hornblende and orthopyroxene i n  t h e  e a r l y  g r a n u l i t e  f a c i e s  gne i s se s .  It w a s  
a l s o  a s soc i a t ed  w i t h  a n  inc rease  i n  model mic roc l ine  and qua r t z .  The a l t e r a -  
t i o n  i n  t h e  s u i t e  is  i n t e r p r e t e d  a s  being t h e  r e s u l t  of K and Rb metasomatism 
poss ib ly  a s soc i a t ed  w i t h  t h e  emplacement of deformation of t h e  pa ren t s  of t h e  
Uivak I1 gneisses .  The inc rease  i n  Rb produced lower K/Rb and h igher  Rb/Sr 
r a t i o s  than a r e  normally observed i n  t rondh jemi t i c - tona l i t i c  a s s o c i a t i o n s .  

Highly f r a c t i o n a t e d  REE p a t t e r n s  and v a r i a b l e  ce/Y i n  t h e  Uivak I gne i s se s  
a r e  i n t e r p r e t e d  t o  b e  induced e i t h e r  by metamorphic o r  igneous processes .  For 
example, t h e s e  processes  may have involved t h e  t r a n s p o r t  of heavy REE's and Y 
( a s  we l l  a s  o t h e r  LIL elements) i n  t h e  form of s o l u b l e  complexes wi th  v o l a t i l e s  
escaping from t h e  lower c r u s t  o r  upper mantle.  An a l t e r n a t i v e  explana t ion  i s  
t h a t  t h e  p a t t e r n s  were induced by removal of r e f r a c t o r y  phases dur ing  t h e  
p a r t i a l  mel t ing  even t s  which der ived  t h e  igneous p r o t o l i t h s  of  t h e  Uivak I 
gneisses .  

I n  Col le rson  and Bridgwater (1979) a model i s  presented whereby t h e  
t rondhjemi t ic  and t o n a l i t i c  pa ren t s  of  t h e  Uivak I gne i s se s  a r e  generated by 
p a r t i a l  mel t ing  of m a f i c  g r a n u l i t e  under t h e  in f luence  of a high,  e a r l y  
Archean geothermal g rad ien t  a s soc i a t ed  w i t h  massive v o l a t i l e  ou tgass ing  from 
t h e  mantle and lower c r u s t .  The product ion of e a r l y  Archean s i a l i c  c r u s t  i s  
envisaged a s  a cumulative, c y c l i c  process ,  mafic  and u l t r amaf i c  volcanism 
occurr ing  synchronously wi th  t h e  p a r t i a l  mel t ing  a t  depth  of e a r l i e r  formed 
mafic g r a n u l i t e  f a c i e s  c r u s t ,  The Uivak I1 gne i s se s  are considered t o  have 
formed by p a r t i a l  me l t i ng  of g r a n u l i t e  f a c i e s  t o n a l i t  i c  and t rondhj  e m i t i c  
gne isses ,  p o s s i b l y  w i t h  some f r a c t i o n a l  c r y s t a l l i z a t i o n  of  t h e  der ived  m e l t .  

A summary of t h e  geologica l  evo lu t ion  of t h e  complex a f t e r  t h e  emplace- 
ment of t h e  Saglek dykes i s  a l s o  presented  i n  Table 1. Elabora t ion  is however 
beyond t h e  scope o f  t h i s  p re sen ta t ion  and d e t a i l s  have been descr ibed  more 
f u l l y  elsewhere (Col le rson  et  a l . ,  1976; Bridgwater e t  a l . ,  1978). 
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Rb-Sr i s o t o p i c  d a t a  f o r  bo th  t h e  Amitsoq grey  gne i s se s  i n  Greenland and 
t h e  Uivak I g n e i s s e s  i n  Labrador d i s p l a y  a s c a t t e r  which exceeds t h a t  predicted 
by experimental  e r r o r .  (F igure  1 ) .  P e r f e c t  i sochrons  are t h e r e f o r e  n o t  ' 

def ined  presumably as a r e s u l t  of geo log ica l  e f f e c t s .  Moorbath e t  a l . ,  (1972) 
i n  i n t e r p r e t i n g  r e s u l t s  f o r  t h e  Amitsoq gne i s se s ,  a l though acknowledging t h e  
imperfec t  f i t  f o r  t h e  West Greenland d a t a ,  d i d  no t  e x p l i c i t l y  model t h e s e  
geo log ica l  e f f e c t s .  From an  a n a l y s i s  of t h e  1972 d a t a  i t  appears  t h a t  a 
McIntyre e t  a l e  (1966) Model 3 s o l u t i o n  has  been used. 

I n  t h i s ,  a l l  t h e  geo log ica l  e r r o r  is  a t t r i b u t e d  t o  a r e a l  v a  i a t i o n  i n  
i n i t i a l  8 7 ~ r / 8 6 ~ r  between samples which i s  independent of t h e i r  85Rb/86Sre 
The samples a r e  t r e a t e d  as completely c losed  t o  Rb,Sr movement s i n c e  t h e i r  
common age a t  Q3600 Ma, d e s p i t e  t h e  mani fes t  geo log ica l  evidence f o r  s eve ra l  
l a t e r  metamorphic events .  

Such an  i n t e r p r e t a t i o n  cannot be  c o r r e c t  i n  gene ra l ,  because t h e  range 
i n d i c a t e d  f o r  t h e  popula t ion  of i n i t i a l  87Sr/86Sr from t h e  P r a e s t e f  j o rd  a r e a  
ex tends  we l l  i n t o  t h e  forb idden  r eg ion  below BABI (Fig.  2 ) .  Values below 
BABI a r e  a l s o  d isp layed  by Amitsoq gne i s se s  from t h e  Narssaq, Q i l a g e r s s u i t  
a r e a  (Baadsgaard e t  a l . ,  1976) and t h e  Uivak I gne i s se s  p i g .  2 ) .  

To avoid t h i s  dilemma, we propose h e r e  a new r e g r e s s i o n  method t h a t  i s  
based on a more r e a l i s t i c  assessment of  t h e  behaviour of  Rb-Sr t o t a l - rock  
systems. It i s  we l l  known t h a t  b i o t i t e s  and o t h e r  mine ra l s  i n  t h e  Amitsoq 
gne i s s  were open systems a t  approximately 1600 t o  1800 M a  (Pankhurst e t  a l . ,  
1973, Baadsgaard et a l . ,  1976),  which corresponds i n  t ime t o  a per iod  of  
major P ro t e rozo ic  c r u s t a l  mod i f i ca t ion  (Hudsonian Orogeny). I n  a d d i t i o n ,  
ad j acen t  migmatite bands from t h e  Uivak g n e i s s e s , a s  t o t a l  rock  samples ,also 
show open system response t o  metamorphism a t  t h i s  t i m e  (Fig. 3) .  We there-  
f o r e  propose t h a t  t h e  geo log ica l  s c a t t e r  of  t h e  l a r g e r  and more homogeneous 
Amitsoq and Uivak g n e i s s e s  should a l s o  b e  a t t r i b u t e d  t o  open-syste behaviour 
a t  1.1750 (and e a r l i e r )  r a t h e r  t han  r e a l  v a r i a t i o n s  i n  t h e  i n i t i a l  Pt7Sr/86Sr. 
I n  p a r t i c u l a r ,  w e  propose a model of l o c a l  S r  i s o t o p e  homogenization between 
ad jacent  t o t a l  rock  samples, bu t  w i th  p re se rva t ion  of r eg iona l  d i f f e r e n c e s  i n  
87§r/86Sr and 8 7 ~ b / 8 6 ~ r ,  Fig. 4 d e p i c t s  t h e  i s o t o p i c  p a t t e r n s  immediately 
p r i o r  t o  t h e  1750 M a  event ,  immediately a f t e r  i t ,  and a t  t h e  p re sen t  day. 

A s imple r e g r e s s i o n  method can be  app l i ed  i f  t h e  measured d a t a  a r e  f i r s t  
transformed t o  t h e  immediately-af ter  1750 Ma s i t u a t i o n .  Th i s  can b e  done by 
s u b t r a c t i n g  (eXt-1) 8 7 ~ b / 8 6 S r  f o r  each sample from t h e  corresponding 8 7 ~ r / 8 6 ~ r ,  
where t i s  1750 I& and X t h e  8 7 ~ b  decay cons tan t .  I n spec t ion  of Fig. 4(b) 
shows t h a t  t h e  e s t ima t ion  of  t h e  o r i g i n a l  pre-1750 Ma isochron r e q u i r e s  t h e  

r e d i c t i o n  of t h e  r eg iona l  mean 8 7 ~ b / 8 6 ~ r  t h a t  correspond t o  t h e  v a r i o u s  
87Sr/86Sr a t  1750 Ma.  ( I n  o t h e r  words, i t  i s  t h e  r e g r e s s i o n  of x a g a i n s t  y 
r a t h e r  t han  y a g a i n s t  x as employed by McIntyre and York). 

An independent and op t iona l ly -ex t r a  s t e p  i n  t h e  d a t a  a n a l y s i s  i s  a 
87 86 procedure f o r  c o n s t r a i n i n g  t h e  mean i n i t i a l  S r /  S r  es t imated  f o r  t he  
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p r o t o l i t h  rocks  t o  r e a l i s t i c  va lues .  The mean i n i t i a l  87s r /86s r  can be  
modelled on s ingle-s tage  8 7 ~ r  evo lu t ion  us ing  t h e  "whole-earth" parameters  
proposed by t h e  Cal.  Tech and Lamont-Doherty l a b o r a t o r i e s  by comparative 
Rb-Sr and Sm-Nd work ( 8 7 ~ b / 8 6 ~ r  0.081, present-day 8 7 ~ r / 8 6 s r  0.7045). The 
r eg re s s ion  l i n e  a t  1750 Ma may then  be  forced  t o  pas s  through t h e  1750 M a  
whole-earth parameters  (e.g. Acton 1959, p. 17 ,18 ) ,  which ensures  t h a t  t h e  
e s t ima te s  of age and i n i t i a l  8 7 ~ r / 8 6 ~ r  a r e  mutual ly c o n s i s t e n t .  

F igure  1 

' Figure  2.  
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F igure  4a 

Figure  4b 

F igure  4c 
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HYDROUS MINERALS I N  EARTH'S UPPER MANTLE: STORAGE OF ALKALI . 
METALS AND HALOGENS: SPECULATIONS ON VENUS AND MARS; J .S.  Delaney, 
R.L. Hervig, J . V .  Smith, Dept. of t h e  Geophysical Sciences, Universi ty of 
Chicago, Chicago, IL, 60637; J . B .  Dawson, D.A. Carswell, Dept. of Geology, 
Universi ty of Shef f i e ld ,  Sheff ie ld ,  England. 

The present  s torage  of v o l a t i l e  elements i n  the  upper mantle provides 
c lues  t o  geochemical models f o r  these  elements, and allows specula t ions  f o r  
Venus and Mars. Unquestionably t h e  v o l a t i l e  elements a r e  responsible  f o r  
extensive metasomatism, but  we be l i eve  t h a t  ca re fu l  petrographic study 
combined wi th  e l e c t r o n  microprobe ana lys i s  has  revealed mineral hos t s  i n  
metamorphic equil ibrium with s i l i c a t e  minerals.  
Hydrous phases i n  the  upper mantle. Phlogopite mica and amphibole a r e  present 
i n  many p e r i d o t i t e  and e c l o g i t e  xenol i ths  brought up by kimber l i te  magmas 
from the  upper mantle. I n t e r p r e t a t i o n  of petrographic t ex tu res  is  d i f f i c u l t .  
Undoubtedly t h e r e  is  pervasive metasomatism, perhaps associa ted  wi th  melt ing 
events,  but  some micas a r e  i n  t e x t u r a l  equil ibrium with anhydrous s i l i c a t e s  
(1) .  Table 1 lists t h e  p r inc ipa l  types of mica and amphibole found i n  
p e r i d o t i t e  xeno l i ths .  Generalized s t a b i l i t y  curves f o r  mantle phlogopite and 
amphibole a r e  given i n  Fig. 2 of t h e  a b s t r a c t  by Smith, Newton and Janardhan. 
Typical geotherrns r e s u l t  i n  s t a b i l i t y  l i m i t s  of 60 t o  lOOkm depth f o r  
amphibole and -150km f o r  phlogopite. Groundmass micas from k imber l i t e  a r e  
described i n  (4) .  W e  emphasize t h e  chemical composition of micas (Table 1, 
cox. 1 )  which occur i n  l a r g e  gra ins  (-0.5-2m across)  i n  t ex tu ra lequ i l ib r ium 
with anhydrous s i l i c a t e s  of comparable g ra in  s i z e  i n  garnet  l h e r z o l i t e s  wi th  
granular  texture .  These micas have s i m i l a r  composition i r r e s p e c t i v e  of t h e  
loca t ion  of t h e  k imber l i t e  pipe i n  southern Africa.  Those wi th  higher T i  
occur coarse ly  intergrown with diopside i n  a t ex tu re  suggest ive of 
simultaneous c r y s t a l l i z a t i o n  from r e s i d u a l  l i q u i d .  Secondary micas have 
d i f f e r e n t  compositions depending whether they replace  garnet  o r  orthopyroxene. 
Mica megacrysts i n  kimber l i te  magma are r i c h e r  i n  Fe and lower i n  C r  and N i .  
Both types of amphiboles carry  s u b s t a n t i a l  Na and K. 
K,Rb and Ba i n  micas from kimber l i te 'and p e r i d o t i t i c  xenol i ths ,  and 
implicat ions f o r  o r i g i n  of b a s a l t i c  rocks. This sec t ion  is a b r i e f  a b s t r a c t  
of (5). Specia l  e l e c t r o n  microprobe analyses of Rb and B a  i n  micas 
("40~~mw,2&) w e r e  p lo t t ed  on a diagram o f - l o g  K/Ba vs.  log  K/Rb. Both 
primary- and secondary-textured micas from per id ,o t i t e  have a negative 
c o r r e l a t i o n  between K/Ba and K/Rb. This i s  su rpr i s ing  i n  view of data  f o r  
b i o t i t e s  c r y s t a l l i z e d  near t h e  Ear th ' s  surface .  The negative c o r r e l a t i o n  f o r  
high-pressure phlogopites may r e s u l t  from p a r t i a l  melting i n  the  mantle, o r  
perhaps from a mica-clinopyroxene exchange reac t ion .  

A model composition f o r  the  bulk Earth (based on same K / R ~  a s  C 1  
meteor i te  and one-sixth K/Ba) f a l l s  i n  t h e  range f o r  p e r i d o t i t e  micas. Most 
volcanic  rocks f a l l  on a s i n g l e  p o s i t i v e  trend between K/Rb and K/Ba, which 
apparently poses a problem f o r  d i f f e r e n t i a t i o n  models based j u s t  on mica- 
l i q u i d  p a r t i t i o n i n g .  Most con t inen ta l  v a r i e t i e s  have K/Rb (-300) and K / B ~  
("30) which l i e  i n s i d e  the  range f o r  p e r i d o t i t i c  micas and c lose  t o  t h e  
model values  f o r  the  bulk Earth. Tho le i i t e  and a l k a l i  b a s a l t  from oceanic 
i s l ands  have higher  K/Rb (430), and most mid-ocean r idge  b a s a l t s  have much 
higher K/Rb (-1100). Whereas most con t inen ta l  volcanic rocks could ob ta in  
t h e i r  K,Rb and Ba simply from t o t a l  e x t r a c t i o n  of phlogopite during p a r t i a l  
melting of p e r i d o t i t e ,  rocks with high K / R ~  could not ,  unless t h e  phlogopite 
had a d i f f e r e n t  composition than i n  xenol i ths  from kimber l i te  pipes.  Data 
f o r  amphibole and clinopyroxene do not  allow simple models f o r  t o t a l  
ex t rac t ion  of K,Rb and Ba. Complex models involving p a r t i a l  e x t r a c t i o n  of 



HYDROUS MINERALS I N  EARTH'S UPPER MANTLE: 

Delaney, 3.S. e t  a l .  

Table 1. Elec t ron  microprobe ana lyses  of hydrous mine ra l s  from upper mantle.  
1 2 3 4 5 6 

N 17  9 5 22 1 22 
Si02 40.95(1.06) 39.4(0.9) 4 1 . 2 0 . 7 )  41.0(1.4) 45.1 55.4 
Ti02 0.18(0.16) O.g(O.7) 0.25(0.23) 1.22(0.74) 0.0 0.46 
A120 3 13.45(0.68) 15.4(2.2) 13.0(1.8) l l . g ( l . 2 )  11.1 0.99 
Cr203 0.84(0.10) 1.7(0.8) 0.88(0.37) 0.40(0.36) 2.20 0.48 
FeO 2.60(0.33) 3.4(0.6) 2.8(1.0) 4.8(2.3) 2.69 2.25 
MnO 0.02(0.01) 0.04(0.04) 0.03(0.03) 0.03(0.03) 0.18 - 
MgO 26.05(0.78) 24.0(1.5) 26.2(2.3) 23.4(2.2) 20.3 22.9 
N i O  0.22(0.03) 0.13(0.06) 0.21(0.12) O. l l (0 .07)  0.36 - 
CaO 0.01 (0.01) 0.02(0.02) 0.02(0.02) O.Ol(O.01) 10.9 6.74 
Na20 0.35(0.22) 0.72(0.35) 0.41(0.16) 0.27(0.26) 3.23 3.82 
K2° 9.98(0.69) 9.2(0.5) 9.2(0.7) 10.7(0.7) 1.34 4.63 
C 1  0.12(0.12) 0.04(0.02) 0.02(0.01) 0.12(0.22) - - 
F 0.51(0.24) 0.52(0.27) 0.34(0.14) 0.82(0.15) - - 
BaO 0.29(0.20) 0.18(0.13) 0.24(0.07) 0.04(0.03) - - 
Rb 20 0.027(0.008) 0.02(0.01) 0.02(0.02) 0.08(0.02) - - 
Sum 95.597 95.67 94.82 94.90 97.40 97.67 
1-3 micas i n  p e r i d o t i t e  x e n o l i t h s  from k imber l i t e ;  1 primary t e x t u r e ,  2 
r e p l a c i n g  ga rne t ,  3 r e p l a c i n g  orthopyroxene; 4 mica megacrysts i n  k imber l i t e ;  
5 chromic p a r g a s i t i c  hornblende i n  h a r z b u r g i t e  x e n o l i t h  ( 2 ) ;  6 metasomatic 
r i c h t e r i t e s  (3).  S.D. i n  b racke t s .  N number of samples. 

a l k a l i e s ,  combination of minera ls ,  and c r y s t a l - l i q u i d  f r a c t i o n a t i o n  during 
a s c e n t  may b e  needed. 

Bulk k i m b e r l i t e  and c a r b o n a t i t e ,  and i n c l u s i o n s  i n  diamond, have much 
lower K/Rb and K/Ba than  p e r i d o t i t i c  micas,  b u t  t h e  r ea son( s )  f o r  t hese  low 
r a t i o s  are unknown. I f  t h e s e  rock  types  r e s u l t  from me l t ing  deeper than  
150km, t h e  low r a t i o s  may be  g iv ing  c l u e s  t o  s t o r a g e  of a l k a l i e s  beneath t h e  
uppermost mantle.  At h igh  p re s su re ,  ga rne t  s t o r e s  N a  and clinopyroxene 
s t o r e s  K (6,7) ,  and t h e  h o l l a n d i t e  and pe rovsk i t e  s t r u c t u r e  types  a r e  
p o t e n t i a l  h o s t s  f o r  l a r g e  c a t i o n s  (8). 
F and C 1  i n  mica, amphibole and a p a t i t e ,  and imp l i ca t ions  f o r  o r i g i n  of 
b a s a l t i c  r ~ c k s .  So far ,  F and C 1  have been de t ec t ed  i n  x e n o l i t h s  of upper- 
mantle  l h e r z o l i t e  and h a r z b u r g i t e  x e n o l i t h s  only i n  t h e  minera ls  ph logopi te ,  
amphibole and a p a t i t e .  Typica l ly  t h e  micas have h igh  F/C1 (Table I ) ,  which 
f e a t u r e  is a l s o  found f o r  amphibole (F 0.5-1 wt.%; C 1  <30-300ppmw). No 
ana lyses  of primary a p a t i t e  have been made, b u t  secondary a p a t i t e  from 
l h e r z o l i t e  nodules  i n  k i m b e r l i t e  c o n t a i n  -3 wt.% F, w h i l e  a megacryst from 
t h e  Moses Rock "k imber l i te"  con ta ins  -0.5% F and <100ppmw C 1 .  Thus a l l  t h r e e  
types  of minera ls  have h i g h  F/C1, and no C1-rich minera l  has  y e t  been found 
i n  a nodule of mantle  o r i g i n .  

Metasomatism from h o s t  k i m b e r l i t e  magma i s  no t  r e spons ib l e  f o r  t he  
d i f f e r e n c e s  between t h e  C 1  and F con ten t s  of micas i n  p e r i d o t i t e s  (Table I ) ,  
based on s imple comparison of chemical compositions.  

Although t h e  halogen con ten t  of t h e  hydrous minera ls  ( s t r i c t l y  speaking, 
hydroxylated minera ls )  should b e  c h a r a c t e r i s t i c  t h e r e f o r e  of t h e  upper mantle, 
perhaps o t h e r  halogen-bearing minera ls  may b e  unrecognized. 

Table 2 lists d a t a  p e r t i n e n t  t o  t h e  p o s s i b l e  o r i g i n  of b a s a l t s  from 
p a r t i a l  mel t ing  of p e r i d o t i t e  i n  t h e  upper mantle.  Any conclus ions  a r e  
h igh ly  t e n t a t i v e  a t  t h i s  s t a g e ,  because of incomplete d a t a  f o r  C 1  and F i n  
b a s a l t s  and d i f f e r e n t i a t e d  rocks ,  and because of absence of ana lyses  f o r  
a p a t i t e  i n  t e x t u r a l  equ i l i b r ium w i t h  s i l i c a t e s  i n  p e r i d o t i t e  xeno l i t h s .  ~ u l k  
ana lyses  i n  (13) of p e r i d o t i t e  x e n o l i t h s  and mica megacrysts i n  k imber l i t e  
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Table 2. K,F and C 1  i n  hydroxylated minera ls ,  b a s a l t s  and C 1  chondr i t e .  
w t . %  K F c l  K/F K / C ~  F / C ~  

primary mica, p e r i d o t i t e  8.28 0 .51  0.12 9-52 78-220 2-22 
secondary mica, p e r i d o t i t e  7.64 0.46 0.03 8-30 87-1400 4-114 
megacryst mica, k i m b e r l i t e  8.88 0.82 0.12 8-16 15-500 2-45 
MARID amphibole 4 .1  0.80 0.008 4-7 >I30 25-160 
a p a t i t e ,  Moses Rock k i m b e r l i t e  - 0.45 0.007 - - 64 
a p a t i t e ,  s e r p e n t i n e  ve in ,  p e r i d o t i t e  - -3 <0.010 - - > 300 
b a s a l t s ,  I ce l and  (9) 0.55 - 0.024 - 2-60 - 
a p a t i t e ,  Shonkin Sag (10) - 2.6 0.33 - - 7-9 
a p a t i t e ,  Skaergaard (11) - 2.72 0.43 - - 2-40 
C 1  chondr i t e  (12) 0.054 0.030 0.05 1 .5  0.89 0.6 
k i m b e r l i t e  (13) - 0.16 0.015 - - 11 
b a s a l t s  (quoted i n  13)  - 0.04 0.006 - - 7 
megacryst mica, k i m b e r l i t e  (13) - 0.45 0.045 - - 10  
sheared nodules ,  k i m b e r l i t e  (13) - 0.018 0.015 - - 1 .2  
unsheared nodules ,  k i m b e r l i t e  (13) - 0.049 0.002 - - 2 4 
match our  ranges  of i n d i v i d u a l  micas,  b u t  t h e  ranges a r e  r a t h e r  wide. Fu r the r  
s tudy  i s  needed t o  determine whether a l l  unsheared p e r i d o t i t e  nodules have 
h ighe r  F/C1 than  sheared ones,  as f o r  t h e  few specimens l i s t e d  i n  (13) .  Naive 
comparison of F/C1 r a t i o s  of b a s a l t s  quoted i n  (13) w i t h  those  of our  
p e r i d o t i t i c  micas sugges ts  t h a t  mica + minor a p a t i t e  could supply t h e  F and 61 
i n  t h e  b a s a l t  magmas by p a r t i a l  mel t ing  of p e r i d o t i t e .  For I c e l a n d i c  b a s a l t s  
(9 ) ,  t h e  h i g h  C 1  and H20 content  w e r e  thought t o  r e q u i r e  a mantle source  r i c h  
i n  C 1  and H20. Might t h i s  source  be  r e l a t e d  t o  sheared p e r i d o t i t e s ?  The 
micas and a p a t i t e s  i n  Table 2 have lower C ~ / F  than  f o r  C 1  chondr i te .  
S torage  of a l k a l i  metals and halogens i n  Venus and Mars. Cont ro ls  on t h e  
s t a b i l i t y  of amphibole and mica a r e  g iven  i n  F ig .  2 of t h e  a b s t r a c t  by Smith, 
Newton and Janardhan.  Of course ,  i f  Venus h a s  l o s t  a l l  i t s  water ,  mica and 
amphibole would n o t  be  s t a b l e ,  except  perhaps f o r  oxy-var ie t ies .  By analogy 
w i t h  t e r r e s t r i a l  p e r i d o t i t e s ,  K might occur  i n  mantle  clinopyroxene i n  Venus, 
and perhaps even i n  a high-pressure s t r u c t u r e .  Fe ldspar  should be  s t a b l e n e a r  
t h e  s u r f a c e  i n  t h e  range  0--lOkb(cf. F igs .  2 and 8 of r e f .  14)  and i s p r o b a b l y  
t h e  major h o s t  of K,Rb and C s .  Although t h e  h o l l a n d i t e  polymorph of K- 
f e l d s p a r  should be  s t a b l e  t o  g r e a t  depth,  K may have been f lushed  t o  t h e  
s u r f a c e  dur ing  c r y s t a l - l i q u i d  d i f f e r e n t i a t i o n .  For Mars, t h e r e  a r e  s e v e r a l  
p o s s i b l e  h o s t s  f o r  t h e  a l k a l i e s ,  of which c e r t a i n  e v a p o r i t e  minera ls ,  f e l d s p a r ,  
amphibole and mica are l i k e l y  t o  be  t h e  most important .  S torage  of halogens 
i n s i d e  of Venus i s  f e a s i b l e  w i th  a p a t i t e ,  f l u o r i t e ,  mica and amphibole 
provid ing  p o t e n t i a l  r e s e r v o i r s  f o r  F ,  and s c a p o l i t e ,  c a n c r i n i t e  and a p a t i t e  
f o r  C1.  I f  a c t i v e  volcanoes a r e  l o c a t e d  on Venus, a f ly-over  mission t o  
sample escaping  gas would provide u s e f u l  c l u e s  t o  t h e  s t o r a g e  of v o l a t i l e  
elements i n  t h e  i n t e r i o r .  Numerous p o s s i b i l i t i e s  are a v a i l a b l e  f o r  Marc 
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PETROLOGIC HETEROGENEITY I N  THE UPPER MANTLE OF THE EARTH: BARREN 
AND FERTILE HARZBURGITES: MANTLE SECTION AT MALAITA, SOLOMON ISLANDS: 
IMPLICATIONS FOR VENUS AND MARS; J.S. Delaney, R.L. Hervig, J . V .  Smith, Dept. 
of the  Geophysical Sciences, Universi ty of Chicago, Chicago, IL 60637; 
J . B .  Dawson, Dept. of Geology, Universi ty of Sheff ie ld ,  Sheff ie ld ,  England; 
P.H. Nixon, Dept. of Geology, Universi ty of Papua New Guinea. 

P a r t i a l  melt ing of l h e r z o l i t e  t o  give b a s a l t i c  magma and a harzburgi te  
res idue  i s  an accepted mechanism f o r  d i f f e r e n t i a t i o n  of t h e  Earth 's  upper 
mantle. We r e p o r t  e l e c t r o n  and i o n  microprobe analyses of minerals i n  
~ e r i d o t i t e  xenol i ths  i n  S. African kimber l i te  and Malaita a l n g i t e .  
Mantle sec t ion  a t  Malaita, Solomon Is lands .  Preliminary s t u d i e s  of megacrysts 
and l h e r z o l i t e  xenol i ths  i n  the  a l n E i t e  (1,Z) w e r e  followed by de ta i l ed  
i n t e r p r e t a t i o n  of the  mineral chemistry. Fig. 1 shows pressure  and 
temperature es t imates  from coexis t ing  pyroxenes i n  two types of garnet  
l h e r z o l i t e  xenol i ths ,  and f o r  orthopyroxene and clinopyroxene megacrysts 
in te rp re ted  t o  coex i s t  because of minor-element cor re la t ions .  Such P,T 
es t imates  a r e  controvers ia l ,  bu t  taken a t  f ace  value,  the  mantle below Malai ta  
can be in te rp re ted  i n  terms of t h e  sec t ion  i n  Fig. 2. Below the  Moho a 
t r a n s i t i o n  occurs from l h e r z o l i t e s  carrying Al-rich s p i n e l  (C) t o  garnet  
l h e r z o l i t e s  ranging from type B t o  type A wi th  increas ing depth. Local 
increase  of temperature (Fig. 1 )  caused p a r t i a l  melt ing of l h e r z o l i t e .  The 
magma underwent c rys ta l - l iqu id  d i f f e r e n t i a t i o n  i n  one o r  more magma chambers, 
and the  d i f f e r e n t i a t i o n  was in te rp re ted  from trends i n  t h e  megacrysts of 
Fe/Mg,Na,Ti, and C r .  The most Mg-rich megacrysts a r e  garnet ,  diopside and 
bronzi te .  These a r e  followed by lamel lar  intergrowths of i lmeni te  and 
sub-calcic diopside,  and f i n a l l y  by augi te .  Alnijitic magma from grea te r  
depth ripped off  samples of t h e  l h e r z o l i t e s  and the  magmatic d i f f e r e n t i a t e s .  
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pyroxenes (Wells thermometer; Newton and i t  i s  exaggerated a t  l e a s t  

barometer) from garnet  l h e r z o l i t e  10-fold hor izon ta l ly .  A s e r i e s  of 

xenol i ths  (A high-Cr; B low-Cr) and magma chambers, occupied successively 

from garnet ,  b ronz i t e  and diopside 
may be more l i k e l y .  There i s  no 
depth con t ro l  on the  aug i t e  and 

rnegacrysts in te rp re ted  t o  coex i s t  a t  cpx/ilm intergrowths,  and they may 
th ree  s t ages  of c rys ta l - l iqu id  
d i f f e r e n t i a t i o n  from low Fe/Mg t o  high have c r y s t a l l i z e d  i n  magma chambers 

Fe/Mg. i n  the  sp-lhz f i e l d .  
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Mineral  chemistry i n  h a r z b u r g i t e  and l h e r z o l i t e  x e n o l i t h s  from S. A f r i c a  and 
wes tern  USA (3 ) .  Harzburgi te  x e n o l i t h s  can  be  sepa ra t ed  i n t o  b a r r e n  and 
f e r t i l e  groups from t h e  low o r  h igh  con ten t ,  r e s p e c t i v e l y ,  of Ca,A1 and C r  i n  - 

t h e  orthopyroxene (e.g. F ig .  3 ) .  Although over lap  occurs  i n  F ig .  3 f o r  ga rne t  
and s p i n e l  l h e r z o l i t e s  and ha rzburg i t e s ,  a l l  f o u r  groups s e p a r a t e  i n  
mult idimensional  chemical space when s e v e r a l  minor elements i n  bo th  opx and 
o l i v i n e  are considered.  Ion  microprobe ana lyses  of t r a c e  elements i n  o l i v i n e  
(Fig.  4) show a gene ra l  t r e n d  f o r  Li,Na,P and T i  t o  decrease  from l h e r z o l i t e  
and d u n i t e  h o s t s  t o  ha rzburg i t e .  S u r p r i s i n g l y  t h e  concent ra t ions  of t h e s e  
magmaphile elements  tend t o  b e  h ighe r  i n  o l i v i n e s  from b a r r e n  than  from 
f e r t i l e  h a r z b u r g i t e s .  Ion  probe ana lyses  of opx are i n  progress .  - 
Melting-metamorphism r e l a t i b n s h i p  bet-ween ha rzburg i t e s  and l h e r z o l i t e s  (3) .  
The s imp les t  assumption i n  upper-mantle models, t h a t  ga rne t  l h e r z o l i t e  i s  a 
r e l a t i v e l y  homogeneous rock capable  of d i f f e r e n t i a t i o n  i n t o  a b a s a l t i c  l i q u i d  
and a "barren" h a r z b u r g i t e  residuum, must be  modified t o  t ake  i n t o  account  
d i f f e r e n t  degrees of p a r t i a l  mel t ing  and subsequent cool ing  t o  metamorphic 
assemblages (4 ) .  Rare opx megacrysts (e.g.  Table 1, c o l .  1 )  con ta in  
s u b s t a n t i a l  A1203, Cr2O3 and CaO, and some a r e  exsolv ing  ga rne t  and d iops ide  
i n  k ink  bands ( 3 ) .  Mathematically,  opx from megacrysts and f e r t i l e  
h a r z b u r g i t e  ( co l .  2) could be  r e c o n s t i t u t e d  i n t o  a mixture of ga rne t ,  
c l inopyroxene,  and opx l i k e  t h a t  i n  b a r r e n  ha rzburg i t e .  Indeed many ga rne t  
l h e r z o l i t e s  c o n t a i n  <5% ga rne t  and <2% cpx, and might be t h e  metamorphosed 
product  of f e r t i l e  ha rzburg i t e  (e .g .  compare c o l s .  1 and 2 w i t h  c o l .  5 i n  
Table 5; t h e  N a  0 conten t  is d iscussed  i n  r e f .  3 ) .  Furthermore p a r t i a l  
mel t ing  w i t h  r ezease  of b a s a l t  magma might conver t  a f e r t i l e  i n t o  a b a r r e n  
ha rzburg i t e .  Some ways f o r  gene ra t ing  mantle  he t e rogene i ty  by me l t ing  of 
l h e r z o l i t e s  and ha rzburg i t e s  t o  form b a s a l t i c  magmas, r e s i d u e s  and cumulates 
a r e  l i s t e d  i n  t h e  f low s h e e t .  Retrograde metamorphism reduces s o l i d  s o l u t i o n ,  
thereby  conver t ing  a n  01-opx rock (ha rzburg i t e )  i n t o  a deple ted  l h e r z o l i t e  
(mainly ol+opx; minor gt+cpx). Melt ing may be  s ing le -  o r  mul t i - s tage .  
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Table 1. Chemical composition of opx. Applicat ion t o  Venus and Mars. 
1 2 3 4 5 Using a new heterogeneous a c c r e t i o n  

Si02 55.2 57.4 58.5 58.1 56.4 model (5 ) ,  Venus could be s i m i l a r  t o  
Ti02 tr . 0.00 0.00 0.06 0.07 t h e  Ear th  except f o r  poss ib le  l o s s  of 
A1203 3.88 2.91 0.96 0.82 2.53 a l l  w a t e r .  P a r t i a l  melting and 
Cr2O3 0.76 0.79 0.32 0.32 0.74 re t rograde  metamorphism could l ead  t o  
Fe203 1.20 - - - - a complex upper mantle wi th  va r ious  
FeO 3.58 4.43 4.24 4.80 5.09 Pherzo l i t e s ,  harzburgi tes  and 
MnO 0.14 0.06 0.10 0.19 0.12 e c l o g i t e s .  The Martian mantle could 
MgO 33.1 34.9 35.9 35.5 33.9 a l s o  be  p e r i d o t i t i c  (6) and massive 
N i O  n.a.  0.08 0.07 0.11 0.10 ex t rus ion  of Fe-rich b a s a l t s  would 
CaO 1.97 0.83 0.24 0.46 0.97 have allowed ample scope f o r  
Na20 0.26 0.03 0.02 0.12 0.12 development of a complex upper mantle. 
Sum 100.19 100.47 100.35 100.39 100 P a r t i c u l a r l y  important i s  whether 
1. mean of two megacrysts veined by harzburgi tes  w i l l  have f l o a t e d  over 
garnet  and diopside,  Frank Smith mine. l h e r z o l i t e s ,  and what i s  t h e  e f f e c t  
2 , 3  mean orthopyroxene from 11 f e r t i l e  on t h e  moment-of-inertia. 
and 1 3  barren  harzburgi te  xenol i ths ;  1. P.H. Nixon, F.R. Boyd 1977 Ext. 
two f e r t i l e  harzburgi tes  have opx with Abstr. 2nd I n t .  Kimberlite Conf. 2. 
Na20 0.15%. 4. mean orthopyroxene J . B .  Dawson e t  al.1978CMP 67, 189. -- 
from 14 garnet  l h e r z o l i t e  xeno l i ths .  3. J . B .  Dawson et a l .  1979 P h i l .  -- 
5.  t h e o r e t i c a l  opx ca lcu la ted  from Trans. Roy. Soc. London. 4. 
0.7% Cr-diopside, 9% garnet  and 0.3% M . J .  O ' H a r a  e t  a l .  1975 Phys. Chem. -- 
Cr-spinel and 90% opx wi th  composition Earth 9 571. 5. J . V .  Smith 1979 
t y p i c a l  f o r  garnet  l h e r z o l i t e  (3) .  Mineral. Mag. 6. T.R. McGetchin, 
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AGE RELATIONSHIPS IN ARCHEAN ROCKS; S.S. Goldich, Department of Geo- 
logy, Colorado School of Mines, Golden, CO 80401 and U.S. Geological Survey, 
Box 25046, Federal Center, Denver, CO 80225 

W i t h  the adoption of the two-fold division of the Precambrian, the time 
boundary between the Archean and Proterozoic has been s e t  a t  2,500 m,y. Ages, 
ranging from 3,300 t o  3,800 m.y., have been f a i r l y  well es tabl ished on a1 1 the 
continents.  West Greenland has large ,  well-exposed areas of ancient  rocks t h a t ,  
i n  p a r t ,  have escaped d r a s t i c  changes i n  younger geologic time. Other par t s  of 
the world present formidable challenges t o  geochronol og i s t s  because of complex 
s t ruc ture ,  mu1 t i p l e  igneous a c t i v i t y ,  polymetamorphism, and commonly poor ex- 
posures, but continuing e f f o r t s  have yielded r e su l t s  and have advanced our 
understanding of geologic his tory  and processes. In the United S t a t e s ,  more o r  
l ess  coordinated geochronological and geological s tudies  a re  continuing i n  
Mi chi gan, Wisconsin, Minnesota, Montana, Wyoming, and Utah. S ign i f ican t  deve- 
lopments a re  the 3,000-m.y. i sotopic  ages and the abundant petrographic and 
chemical data which show tha t  the most ancient  rocks are s imi la r  mineralogi- 
cal l y  and chemically t o  very young rocks. 



IXE POTENTIAL EFFECTS OF METEORITE BOMBARDMENT ON THE EVOLUTION OF 
THE PROTO-CRUST OF THE EARTH. Richard A.F. Grieve, Ear th  Physics  Branch, 
E.M.R., Ottawa, Canada, KlA 0Y3 

The c r a t e r  d e n s i t y  d i s t r i b u t i o n  on Mars, Mercury and the  moon i n d i c a t e s  
t h a t  they underwent a pe r iod  when s u r f a c e  evo lu t ion  was heav i ly  inf luenced  by 
impact processes .  On t h e  moon, a  h igh  f l u x  of impact ing bodies ,  l a s t i n g  till 
' ~ 3 . 9  b e y . ,  r e s u l t e d  i n  t h e  formation of the  major mu l t i - r i ng  bas ins ,  which 
were later f i l l e d  t o  vary ing  degrees by mare b a s a l t s .  The e a r t h  has  no 
obvious record  of t h i s  i n t e n s e  bombardment b u t  many models f o r  t he  e a r l y  
e a r t h  assume i t  was sub jec t ed  t o  t h e  same h igh  f l u x  ( 1 , 2 ) ,  Dynamical argu- 
ments ( 3 )  and the  s i m i l a r i t y  between the  Phanerozoic c r a t e r i n g  r a t e  on e a r t h  
and the  pcs t-mare (<3.0 b . y. ) r a t e  on t h e  moon (4) i n d i c a t e  t h a t  t h i s  is a v a l i d  
assump t i o n .  However, problems arise i n  i n t e r p r e t i n g  t h e  e f f e c t s  of t h i s  
bombardment, which has  been c a l l e d  upon t o  produce such widely d ive rgen t  re- 
s u l t s  as the  i n i t i a l  ocean b a s i n s  (5) and the  locus  of i n i t i a l  s i a l i c  c r u s t  
gene ra t ion  ( 6 ) .  This  divergence r e s u l t s  i n  p a r t  from t h e  l a c k  of a consensus 
on the  na tu re  of t he  pro to-crus t  of the  e a r t h  and t h e  use of r e l a t i v e l y  
d i r e c t  ana log ie s  w i th  t h e  response of t h e  e a r l y  l u n a r  c r u s t  t o  bombardment. 
For d i scuss ion ,  i t  is  assumed he re  t h a t  e a r t h  had a t h i n ,  <15 km, world-wide 
d i f f e r e n t i a t e d  c r u s t  of unspec i f i ed  composition dur ing  4.6-3.9 b e y .  I f  a  
s t a b l e  c r u s t  was n o t  developed till a f t e r  3.9 b . y . ( 7 )  much of t h e  fo l lowing  
i s  i r r e l e v a n t .  

A s  c r u s t a l  e v o l u t i o n ,  a s  opposed t o  s u r f a c e  evo lu t ion ,  w i l l  b e  inf luenc-  
ed most by the  l a r g e r  impact even t s ,  only t h e  e f f e c t s  of events  forming 
s t r u c t u r e s  wi th  D > 100 km, have been i n i t i a l l y  cons idered .  The cumulative 
number, Nc, of s t r u c t u r e s ,  D > 100 km, formed on  t h e  e a r t h  a t  4.6-3.9 b.y.  
i s  es t imated  a t  2-3000, from the  c r a t e r  d e n s i t y  i n  t he  l u n a r  h ighlands  s c a l e d  
t o  t e r r e s t r i a l  impact cond i t i ons  and the  Phanerozoic c r a t e r i n g  r a t e  of t he  
e a r t h  s c a l e d  t o  t he  4.6-3.9 b .y . f l u x  r a t e  of t he  moon. For Nc a ~ - ~ ( 4 ) ,  t he  
l a r g e s t  s t r u c t u r e  would b e  D = 5-6000 km and the  cumulative energy, der ived  
from D = 1.96 x 10-4 (E) 1/3*4 ( 8 ) ,  would be 6.5 - 1 5  x 1 0 ~ ~ 5 ,  wi th  the  
bulk  ( ~ 6 0 % )  a r i s i n g  from the  l a r g e s t  event .  Although the  average annual  r a t e  
of energy depos i t i on  w a s  only 10-20% of the  p r e s e n t  annual  h e a t  flow on t h e  
e a r t h  ('L10215), t h e  energy w a s  depos i ted  a s  d i s c r e t e  events  wi th  each impact 
D > 100 km r e l e a s i n g  v i r t u a l l y  i n s t an t aneous ly  a t  a  s p e c i f i c  l o c a t i o n  o r d e r s  
of magnitude more energy than the  p re sen t  world-wide annual  ou tpu t ,  

The most obvious i n i t i a l  e f f e c t  of the  t r ans fe rence  of p r o j e c t i l e  
energy t o  t h e  e a r t h  w i l l  b e  t o  d i s r u p t  the proto-crus t .  S t r u c t u r e s  wi th  
D > 100 km w i l l  have f i n a l  complex mul t i - r ing  forms wi th  apparent  depths of 
2-3 km (9 ) .  However, i n i t i a l  depths of excavat ion  were cons iderably  g r e a t e r ,  
w i th  the  amount of s t r a t i g r a p h i c  u p l i f t  i n  t e r r e s t r i a l  c r a t e r s  i n d i c a t i n g  
o r i g i n a l  depths from which m a t e r i a l  w i l l  be  u p l i f t e d  as > 15 - 20 km f o r  
D > 100 km ( 9 ) .  That i s  lower c r u s t a l  o r  mantle  m a t e r i a l s  w i l l  b e  brought  t o  
o r  c l o s e  t o  s u r f a c e ,  c r e a t i n g  l a t e r a l  composi t ional  and dens i ty  inhomogenei- 
ties i n  t he  pro to-crus t .  The u p l i f t  of mantle  m a t e r i a l  w i l l  favour  p a r t i a l  
mel t ing  a t  shal low depths and, depending on D ,  geothermal g rad ien t  and com- 
p o s i t i o n ,  may g ive  rise d i r e c t l y  t o  magmatism a t  t he  s u r f a c e ,  Melt ing w i l l  
a l s o  be  favoured by the  a d d i t i o n  of post-shock temperatures t o  t he  geothermal 
temperature,  'L 200°c f o r  p re s su re s  of 25-30 GPa a t  the  base  of t he  excavated 
c a v i t y  (10) . I n  a d d i t i o n  t o  promoting d i r e c t  me l t i ng  by u p l i f t ,  impact- 
induced volcanism i s  p o s s i b l e  through ex tens ive  f r a c t u r i n g  which may t ap  
p a r t i a l l y  melted m a t e r i a l  a t  depth,  wi th  shock wave a t t e n u a t i o n  da t a  (11) 
and g r a v i t y  models (12) i n d i c a t i n g  f r a c t u r i n g  t o  > 35 km below b a s i n s  



EFFECTS OF BOMBARDMENT ON PROTO-CRUST 

Richard A.F. Grieve 

wi th  D > 100 km. 
The impact b a s i n  w i l l  a l s o  b e  t h e  s i t e  of sedimentat ion,  w i th  p o s s i b l e  

back-wash of e  j e c  ta d e p o s i t s  and r a p i d  degrada t ion  of t he  f r a c t u r e d  r i m  rocks.  
The model developed s o  f a r  has  p o i n t s  i n  common wi th  t h e  h i s t o r y  o f t h e  Sudbury 
s t r u c t u r e ,  where t h e  formation of a  140km s t r u c t u r e  a t  1 .8  b.y.  i n  an a r e a  wi th  
a h igh  geothermal g r a d i e n t  gave r i s e  t o  impact-induced magmatic a c t i v i t y  (13) .  
However, t he  t h i n  l i t h o s p h e r e  of t he  e a r l y  e a r t h ,  u n l i k e  the  moon, w i l l  no t  be 
a b l e  t o  suppor t  l a r g e  mass excesses  and t h e  loading  of t h e  b a s i n  by volcano- 
c l a s t i c s  and c r u s t a l  l oad ing  by u p l i f t  o f  denser  rocks w i l l  cause t h e  b a s i n  
f l o o r  t o  founder ,  Subsidence of t h e  b a s i n  f l o o r  down t h e  ( s t i l l  d i s tu rbed )  
geothermal g r a d i e n t  w i l l  l e a d  t o  tectonism, metamorphism and r e c y c l i n g  of the  
i n t e r - b a s i n  m a t e r i a l s  w i th  the  product ion of more f r a c t i o n a t e d  v o l c a n i c  o r  
p l u t o n i c  products .  

The o v e r a l l  e f f e c t  of impact i s  t h e r e f o r e  considered t o  a c c e l e r a t e  and 
l o c a l i s e  endogenic a c t i v i t y  l ead ing  t o  concen t r a t ions  of d i f f e r e n t i a t e d  pro- 
duc ts  from the  pro to-crus t  and mantle .  The e f f e c t s  of t h e  l a r g e s t  b a s i n s  
w i l l  b e  t he  most s eve re  and i f ,  a s  suggested f o r  t h e  moon (14) , t he se  major 
impacts occurred wi th  a. 1 b .ye  the  fo l lowing  scena r io  can be  developed. 
During the  per iod  4.6-3.9 b  .y. t he  e a r t h  produced a r e l a t i v e l y  t h i n  proto-  
c r u s t  which w a s  undergoing widespread b u t  d i spersed  mod i f i ca t ion  and d i f f e r -  
e n t i a t i o n  by i n t e r n a l  processes ,  promoted by a  h igh  f l u x  of impact ing bodies  
up t o  10 km i n  s i z e .  A t  U . 0  b.y.  t he  e a r t h  w a s  sub jec t ed  t o  a sho r t - l i ved  
s e r i e s  of major impacts by a  ( s epa ra t e? )  popula t ion  of bodies  up t o  1o2km. 
The r e s u l t i n g  impact b a s i n s  d i s rup ted  e n t i r e l y  t h e  l o c a l  l i t h o s p h e r e  and 

8  long- l a s t ing  (Q10 y  . ) thermal  and geologic  anomalies were produced. The 
s i z e  and number of b a s i n s ,  Nc Q25 f o r  D > 103 km, was such t h a t  some over- 
lapped i n  space  and t i m e ,  r e s u l t i n g  i n  a massive l o c a l i s a t i o n  of a c c e l e r a t e d  
mantle  and c r u s t a l  d i f f e r e n t i a t i o n .  This  concen t r a t ion  of r e l a t i v e l y  long- 
l a s t i n g  exogenic- t r iggered endogenic a c t i v i t y  over  20-30% of t he  e a r t h ' s  
s u r f a c e  l e d  t o  t he  growth of s i z e a b l e  c o n t i n e n t a l  c r u s t a l  n u c l e i  by 3.8 b  . y e ,  
corresponding t o  the  f i r s t  of t he  a c c r e t i o n a l  "super-events" of t h e  continen- 
t a l  c r u s t  (15) .  I f  t h i s  concen t r a t ion  process  by major impacts had n o t  
occurred ,  t h e  growth of c o n t i n e n t a l  n u c l e i  by d ispersed  l i n e a r  zones of h igh  
i n t e r n a l  a c t i v i t y  would n o t  have taken p l ace  till l a t e r  i n  t h e  e a r t h ' s  h i s t o r y .  

This  model has  s i m i l a r i t i e s  t o  t h a t  of (6) and does n o t  favour  t h e  crea- 
t i o n  of proto-oceans by impact (5).  The l a t t e r  i s  a n  a t t r a c t i v e  analogy wi th  
t h e  e v o l u t i o n  of t he  moon b u t  r e s u l t s  i n  40% of t he  e a r t h ' s  s u r f a c e  a t  3.9 
b  .y.  c o n s i s t i n g  of low d e n s i t y  pro to-cont inenta l  c r u s t ,  which must be  com- 
p l e t e l y  reworked i n  a r e l a t i v e l y  s h o r t  pe r iod  by some process  o t h e r  than sub- 
duc t ion  t o  agree  wi th  t h e  i s o t o p i c  evidence (15) , The model h e r e  has  t h e  
f u r t h e r  advantage of exp la in ing  why t h e r e  i s  no record  of t he  h igh  f l u x  of 
impacts  on e a r t h ,  t h e  major b a s i n s  s e l f  d e s t r u c t  by endogenic a c t i v i t y ,  and 
t h e  absence of rocks o l d e r  than Q3.8 b . y , ,  a  per iod  dur ing  which i t  w a s  n o t  
p o s s i b l e  t o  e s t a b l i s h  s i z e a b l e ,  r e l a t i v e l y  s t a b l e  c o n t i n e n t a l  n u c l e i i  because 
of t h e  l a c k  of  t he  concen t r a t ing  e f f e c t s  of t he  major impacts.  The model was 
developed wi thout  e s t a b l i s h i n g  a  s p e c i f i c  pro to-crus t a l  composition b u t  would 
favour  a mafic  pro to-crus t  a s  suggested by geochemical evidence (16 ,17) ,  

L i t t l e  a t t e n t i o n  has  been pa id  t o  t h e  gene ra t ion  of impact l i t h o l o g i e s  . 
They may be  viewed as mixed l i t h o l o g i e s  (18) and depending of t he  s i z e  of 
the  e v e n t  may have compositions in t e rmed ia t e  t o  t h a t  of t he  p ro to -c rus t  and 
mantle .  They a r e  regarded a s  s u r f a c e  o r  near  s u r f a c e  r a t h e r  than c r u s t a l  
l i t h o l o g i e s ,  which w i l l  be  r a p i d l y  modified and destroyed by endogenic pro- 
c e s s e s .  Although t h e  bu lk  of t he  t o t a l  volume of impact me l t  formed on 
e a r t h  w i l l  b e  concent ra ted  i n  t he  l a r g e s t  s t r u c t u r e s ,  d a t a  on t h e  d i s t r i b u t i o n  
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of mel t  a t  l a r g e  preserved  t e r r e s t r i a l  s t r u c t u r e s  (18) sugges t  t h a t  even i n  
t he  l a r g e s t  s t r u c t u r e  t he  m e l t  l a y e r  would b e  < 5 km t h i c k  w i t h i n  the  f i n a l  
b a s i n ,  A f i n a l  p o i n t ,  i s  t h a t  a l though t h e  upper mantle  of t h e  e a r t h  i s  de- 
p l e t e d  i n  s i d e r o p h i l e  e lements ,  i t  has  been sugges ted  t h a t  t h e i r  abundances 
a r e  i n  excess  of what may b e  expected from an  equ i l i b r ium core-mantle separa-  
t i o n  (19,20).  I f  c o r e  s e p a r a t i o n  took p l a c e  e a r l y  i n  t h e  e a r t h ' s  h i s t o r y ,  
p r i o r  t o  the  major bombardment, i t  i s  p o s s i b l e  t h a t  t h e  excess  s i d e r o p h i l e s  
were added from the  impact ing bodies  a t  'L4.0 b.y.  It has  been f u r t h e r  sug- 
ges ted  t h a t  t he  Archean mantle w a s  enr iched  i n  s i d e r o p h i l e s  over  the  p r e s e n t  
mantle (16) .  Inasmuch a s  t he  pro to-cont inents  may b e  the  locus  of t he  s i t e s  
of the  l a r g e s t  impact even t s ,  i t  is  no t  unreasonable t o  specu la t e  t h a t  t h i s  
apparent  s i d e r o p h i l e  enrichment could r e s u l t  from p r o j e c t i l e  contaminat ion,  
a s  observed i n  some impact m e l t s  (21) . 
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GEOPHYSICAL CHARACTERISTICS OF THE LOWER CRUST IN A PORTION OF THE 
SUPERIOR PROVINCE IN MANITOBA AND ONTARIO, CANADA. D. H. Hall, Professor of 
Geophysics and Head, Department of Earth Sciences, University of Manitoba, 
Winnipeg, Manitoba R3T 2N2. 

Recently completed interpretations of crustal structure from seismic, 
gravity, magnetic and geological data in the Superior geological province in 
northwestern Ontario and Manitoba show differing styles of crustal structure 
among several of the subprovinces and major rock units in the area. The data 
are such as to provide constraints on proposed models for the evolution of tk 
crust. In the present paper, results for the lower crust and the uppermost 
mantle will be stressed. 

1. A seismic reflection survey beneath a large batholith (the Aulneau 
Batholith) and an adjacent greenstone area reveals a high velocity and pre- 
sumably high density section lying immediately beneath a strong velocity 
contrast. This discontinuity, which has been mapped over a wide area by re- 
fraction methods, is probably the equivalent of the "Conrad" discontinuity. 
The high velocity layer varies from 2 to 5 kilometers in thickness over the 
area mapped, marking the top of the lower crust. 

2. The reflection surveys indicate heterogeneous layering in the lower 
crust with the upper crust much more homogeneous beneath both the batholith 
and the greenstones. Seismic velocities increase with depth through the whole 
crustal section. 

3, These surveys indicate that the Moho is a layered zone about 8 kilo- 
meters thick. 

4. Wide angle reflection and refraction surveys have mapped discontinu- 
ities in the mantle down to 50 kilometers. One of these discontinuities can 
be interpreted as a mineral stability boundary if a peridotite composition is 
assumed. The possible explanation of this and other discontinuities on the 
basis of other petrological models might aid in discriminating among models. 

5. Each of the subprovinces and major rock units tested in the area 
has a characteristic style of crustal magnetization. In those cases where 
long-wavelength anomalies suitable for quantitative interpretation occur it is 
found that the distribution of magnetic sources is usually relatively homo- 
geneous in the upper crust with an increase in concentration towards the 
bottom of the upper crust or in the uppermost layer of the lower crust. There 
is some evidence (but not entirely conclusive) that magnetization is widely 
spread through the lower crustal layer. The study of crustal'magnetization 
is important because the physical properties involved are sensitive indicators 
of petrological history. 

6. Assessment of the capabilities of MAGSAT suggests that thedifferences 
in magnetization which frequently are found among subprovinces in the shield 
can in some cases be resolved by magnetic mapping from satellites. Previous 
experience has shown that frequency-filtered aeromagnetic data are also suit- 
able for these purposes. One interesting relationship that might be explored 
in this manner is the correlation which is found between crustal thickness and 
magnetic field levels on the long-wavelength scale. 

7. A decrease in rigidity is evident at 100 kilometers depth beneaththe 
Canadian shield, Relics of the early history of the crust cannot be expected 
to be found below this level if it is the level at which continental displace- 
ment has occurred but may be preserved above it. This upper 100 kilometers d 
the mantle is a prime target for exploration for such relics, and attempts 
should be made to demonstrate whether such exploration can be carried out by 
reflection seismology. 
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GREENSTONE AND GNEISS TERRANES, MINNESOTA 
G.N. Hanson, Earth and Space Sciences,SUNY Stony Brook 

The sources of the granitic intrusions in a 2700 m.y. 
old greenstone belt-intrusive granite terrane in northeastern 
Minnesota are compared to those comprising and intruding the 
3600 m.y. old Archean gneisses of the Minnesota River Valley, 
southwestern Minnesota. 

Tonalitic and quartz monzonitic rocks of essentially the 
same age in the greenstone belt have similar low initial stron- 
tium isotope ratios but distinctly different trace element 
patterns. Arth and Hanson, 1975, suggested that the tonalites 
were derived by partial melting of a basaltic parent at mantle 
depths, whereas the quartz monzonites were derived by partial 
melting of graywacke at crustal levels. In both cases the 
parents would have short histories since the time that their 
components were derived from the mantle, 

The granitic rocks from the gneiss terrane vary from 
tonalites to quartz monzonites, and include intrusions as young 
as 1800 m.y. The main granitic phases of the gneisses as well as 
the later granitic intrusions are leucocratic and characterized 
by similar subparallel, light REE enriched and heavy REE 
depleted patterns. It is suggested that the granitic gneisses 
and later granitic intrusions were derived by partial melting at 
crustal levels of similar mafic, quartz diorite parents leaving 
a residue of plagioclase, clinopyroxene or amphibole and garnet. 

For these two situations it would appear that for the in- 
trusive granite-greenstone belt in northeastern Minnesota the 
mantle is the immediate, although indirect, source for the 
granitic rocks. Whereas for the Minnesota River Valley gneiss 
terrane the granitic intrusions from 3600 to 1800 m,y. ago were 
derived from the lower continental crust, 

References: 

Arth, J.G. and Hanson, G.N., 1975, Geochemistry and origin of 
the early Precambrian crust of northeastern Minnesota, Geochim, 
Cosmochim. Acta, 39, 325-362. 



A COMPARISON OF L U N A R  AND TERRESTRIAL ANORTHOSITES. I-arsry A ,  
Haskin, Karl E. Seifert*, and Marilyn M, Lindstrom, Dept. of Earth & 
Planetary Sciences and McDonnell Center for Space Sciences, Washington 
University, S t .  Louis, MO 63130. 

The LPI Planetary Basaltic Volcanism Project has taught us how chemi- 
cal studies of t e r r e s t r i a l  and 1 unar materials complement each other to  im- 
prove our knowledge of volcanic processes on both Earth and Moon. Here we 
suggest how lunar and t e r r e s t r i a l  crustal  studies might similarly reinforce 
each other. We compare data for  lunar anorthosites and associated rocks 
with new data on Marcy anorthosi tes  and Tupper-Saranac mangeri tes  , in 
l i gh t  of a s t i l l  tentat ive interpretation of chemical relationships between 
those t e r r e s t r i a l  materials. 

The lunar c rus t  i s  regarded as ancient and very rich in plagioclase 
1 2 )  This suggestion was supported by the ubiquity of massive anortho- 
s i t e  a t  the Apollo 16 s i t e .  This material i s  mainly coarse-grained plagio- 
clase (except where shattered by impacts) much l ike  cumulate and adcumulate 
plagioclase in t e r r e s t r i a l  anorthosi tes  (3 ) .  Probably, the 1 unar 1 iquid 
tha t  crystal 1 ized the plagi oclase simultaneously precipitated other mater- 
i a l s ,  If  so, a physical separation of plagioclase from other minerals 
occurred, presumably because the plagioclase floated. Similar mechanisms 
have been proposed t o  account for  t e r r e s t r i a l  anorthosite bodies (3) .  

A lunar crust  consisting largely of anorthosite requires plagioclase 
separation on a grand scale;  t h i s  led to  the hypothesis of a Moon-wide 
magma ocean (1 ). As th i s  ocean cooled and plagioclase floated, mafi c ma- 
t e r i a l s  in great volume presumably sank. A few sizeable specimens of 
cumulate rocks (dunite,  nori t e ,  t roclol  i t e )  a re  present in the 1 unar sample 
collection, b u t  not from the Apollo 16 s i t e ,  which i s  the only s i t e  tha t  
may represent typical hi ghl ands crust.  A1 though pertinent t o  the overall 
picture,  these cumulates are rare,  are probably not cumulate complements t o  
the anorthosites, and are not fur ther  discussed. 

Do lunar anorthosites have compositional character is t ics  expected for  
products of c rys ta l l iza t ion  of a magma ocean? Can we determine from them 
the composition of the i r  parent? Important t o  these questions i s  material 
other than pl agi ocl ase included within the anorthosi tes .  These materi a1 s 
niight represent siniul taneously crystal  1 ized mafic minerals. However, the 
grains are small and more l ikely derived from trapped liquid. Cumulate 
minerals in t e r r e s t r i a l  intrusions invariably t rap some parent l iquid in 
i t s  in te rs t ices  ( 4 ) .  On freezing, t h i s  trapped liquid would add to  the 
plagioclase a1 ready present plus crystal1 ize  mafic and accessory minerals. 
The chemical behavior of such a l iquid during crystal l izat ion i s  known in 
some detai l  (5 ,6)  and i t  i s  sometimes possible t o  estimate i t s  composition. 
Trapped liquid may be parent l iquid or more evolved residual l iquid,  e.g., 
t ha t  on which the plagioclase l a s t  floated. 

If  these rocks were simple mixtures of plagioclase and liquid from a 
widespread, homogeneous source, t h e i r  compositions should plot as mixtures 
of two end members, a s t r a igh t  l i ne  on a variation diagram. Some plots 
( not shown, e.g., FeO-Sc) for  a wide variety of highland rocks yield such 
lines.  Also R E E  dis t r ibut ions show an orderly t ransi t ion for  Apol lo  16 
rocks, over a range of jus t  a few percent mafic material t o  KREEP basalt  
composition. A variation diagram (Fig. 1 ) between two we1 1 -determined 
elements, Sm and Sc, both strongly excluded from plagioclase and presumably 
present in the trapped liquid component, shows clear ly,  however, that  the 
highlands samples are  not a simple mixture. KREEP basalt  cannot be the 
"Permanent Address: Dept. Earth Science, Iowa State  Univ.,Ames, Iowa 50010 
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d i rec t  parent of anorthosite ( 7 ) ;  Fig. 1 shows tha t  i t  i s  not a trapped, 
late-stage supporting l iquid,  e i ther ,  I t  i s  probably a product of volcan- 
ism into highland valleys, there mixed by meteoroid impacts with anortho- 
s i t i c  crust .  Only rocks of the proposed ANT su i t e  (8) might represent 
genetic relat ives  of the anorthosite. A t  the Apollo 16 s i t e ,  where anor- 
thosites are abundant, other ANT rocks are  mainly breccias, so the i r  i n i t i a l  
petrological nature and relationship t o  the anorthosites has not been 
determined. Some could be mixtures of plagiocal se and trapped 1 iquid. 

The most res t r ic ted  s e t  of samples tha t  might represent monomict 
breccias of ANT rocks are those f ree  of meteoritic contamination (9) .  
These are  shown in Fig. 1 as t r iangles;  they clear ly do not define a l ine.  
Does the notion of a single magma ocean need revisions? Or do we now know 
what chemical character is t ics  the anorthosi t e  from such an ocean should 
display? I t  i s  naive to  presume tha t  any b i t  of mafic mineral adequately 
represents average trapped liquid. As trapped liquid c rys ta l l izes ,  part  
will migrate, leaving early formed crys ta l s  in one place, and products 
of the more evolved liquid i n  another. This behavior occurs during basal t  
sol idif icat ion (10). How much sca t t e r  would t h i s  cause in a variation 
diagram? Can we re l a t e  such samples to  each other? 

An approach t o  these questions i s  t o  consider Adirondack-type anorth- 
os i te  bodies. These are  mostly Precambrian, b u t  not as ancient or  wide- 
spread as lunar anorthosite i s  thought t o  be. Many consist  of cores of 
coarse-grained, cumulate plagioclase grading outward into more mafic 
material. Many are associated with mafic t o  intermediate rocks (e.g., 
mangeri t e s )  whose genetic relationship t o  them i s  debated (3) .  Chemical 
evidence has usually seemed not to  support any relationship (e.g., 11 ). 

We have analyzed a su i t e  of Marcy anorthosites and adjacent Tupper- 
Saranac mangerites and tentat ively in te rpre t  the resul ts  as indicating the 
following relationship: The anorthosi t e  i s  mainly cumulate plagioclase 
and frozen trapped liquid. The liquid component may, b u t  does not necess- 
a r i  ly ,  represent the parent from which the pl agioclase crystal  1 ized. 
Portions moved during crystal l izat ion so tha t  individual analyzed samples 
do not contain i t s  average composition. The plagioclase and frozen l iquid,  
on a short distance scale,  are in metamorphic equilibrium. The mangerite 
i s  a different iated body, with Si02 content increasing w i t h  height. The 
estimated average composition of the i n t e r s t i t i a l  material in the anortho- 
s i t e  i s  the same as tha t  of the mangerite immediately above the anortho- 
s i t e .  The mangerite l iquid carried the plagioclase to  i t s  present re la t ive  
position, then was fi l ter-pressed away. I t  l e f t  behind as i n t e r s t i t i a l  
material a combination of l iquid and crys ta l s  of the composition being 
sol idif ied a t  the time i t  separated. 

Figure 2 shows the behavior of Sm re la t ive  to  that  of Sc. The anor- 
thosi te  samples roughly define a mixing l ine  of positive slope, as expected 
for  a mixture of plagioclase and trapped liquid,  The mangerite data define 
a l ine  of negative slope, the lower end representing Si02-rich materials 
t ha t  retained Sm b u t  l o s t  Sc to  the e a r l i e r  crystal 1 ized minerals (concen- 
t ra ted in the mangeri tes  represented a t  the higher end), Rough composi- 
t ions fo r  the trapped liquid component of the anorthosites estimated from 
parti  t i  oni ng theory approach the composition of the mos t maf i c mangeri tes  , 
suggesting tha t  they are the same material. There i s  much sca t t e r ,  a t t r i -  
butable to  problems of sampling and use of partitioning theory, b u t  the 
behavior of a l l  major and trace elements t e s t s  and the i r  ra t ios  i s  consis- 
ten t  with th i s  hypothesis (Seifer t  e t  a1 . i n  prep. & 12). Isotopic data are 
also consistent with i t  (13). 
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We are  n o t  y e t  prepared t o  i n t e r p r e t  the  lunar  data i n  l i g h t  of these 
resu l t s .  The above shows one way o f  approaching the  l una r  data. A t  t h i s  
time, too few s fng le  specimens o f  l unar  rock have been analyzed f o r  the 
needed va r i e t y  of major and t race  elements t o  provide d e f i n i t i o n  o f  com- 
pos i t i ona l  pat terns  and f l u c tua t i ons  about them, 
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MINOR ELEMENTS IN'PLAGIOCLASE AND B W I C  MINERALS FROM LUNAR 
PLAGIOCLASE-RICE1 ROCKS; E.C. Hansen, 1.Pf. S t e e l e ,  J . V -  Smith, Dept. of t h e  
Geophysical Sciences,  Univers i ty  of Chicago, Chicago, 1L 60637. 

P lag ioc lase - r i ch  rocks provide important  unresolved c l u e s  t o  t h e  e a r l y  
formation of t h e  l u n a r  c r u s t ,  b u t  f i t t i n g  a n o r t h o s i t e s  i n t o  p e t r o l o g i c  schemes 
is d i f f i c u l t  because a) a n o r t h o s i t e s  have higher  Fe/Mg than  o t h e r  p r i m i t i v e  
rocks,  b) a p l o t  of Ab (p lag ioc lase  v s  . mg=atomic 1 0 0 ~ g /  (Mgl-Fe) of c o e x i s t i n g  
mafic minera ls  is n o t  uni-valued, and c )  t h e  processes f o r  accumulation of 
a n o r t h o s i t e  bodies  are con t rovers ia l .  P a r t i c u l a r l y  troublesome is  
d i s t i n g u i s h i n g  between su rv iv ing  homogeneous rocks and relics of mixing, 
mel t ing  and metamorphism, though low abundance of s i d e r o p h i l e  elements (1,2) 
may i d e n t i f y  t h e  former. 

W e  provide  new minor-element ana lyses  of p lag ioc lase ,  mainly from 
p lag ioc lase - r i ch  rocks ,  t o  a )  o b t a i n  t h e  d i s t r i b u t i o n  of Fe/Mg between . 
p l a g i o c l a s e  and mafic minera ls  i n  p l u t o n i c  and annealed samples, b )  compare 
i t  wi th  d i s t r i b u t i o n s  f o r  l u n a r  b a s a l t i c  rocks and some p l u t o n i c  rocks  ( 3 ) ,  
and c)  test whether earlier observat ions  of plagioclase-mafic d i s t r i b u t i o n s  
hold when only p l a g i o c l a s e  d a t a  are used,  
Minor elements i n  p lag ioc lase .  Ex i s t ing  l i t e r a t u r e  d a t a  are mostly 
u n r e l i a b l e ,  and we are sys temat ica l ly  producing new d a t a  re fe renced  t o  
r e l i a b l e  s t andards  (4) ,  cross-checked every day, Chosen samples a r e  mainly 
a n o r t h o s i t e s  (15415,15364,60025,60619 ,60665, 61016,67075,6763767746 but  
inc lude n o r i t e  78235 and t r o c t o l i t e  76535. Elect ron microprobe techniques a re  
used whenever p o s s i b l e ,  and i o n  probe a n a l y s s  f o r  Li,B,K,Ti,Cr,Mn,Ba and S r  
a r e  scheduled us ing  techniques i n  (5) .  Usually 10 p o i n t s ,  chosen t o  avoid 
secondary f luorescence ,  a r e  analyzed f o r  each rock, g i v i n g  t h e  mean and 10 
range i n  Table 1. 

The mg d i s t r i b u t i o n  between p l a g i o c l a s e  and i n f e r r e d  pa ren t  l i q u i d  was 
c o n s i s t e n t  f o r  l u n a r  rocks  a s  w e l l  as s y n t h e t i c  p lag ioc lase - l iqu id  p a i r s  ( 3 ) .  
Our d a t a  (Pig. 1 )  f o r  p lag ioc lase  from l u n a r  a n o r t h o s i t e s  fo l low a s i m i l a r  
t r end  t o  t h a t  f o r  low-Ti b a s a l t s  (3),, a s  w e l l  a s  f o r  s y n t h e t i c  p lagioclase-  
l i q u i d  p a i r s  (no t  shown). To permit  comparison, our d a t a  were converted t o  a 
p lag ioc lase - l iqu id  d i s t r i b u t i o n  us ing observed opx and opx-01 (7) and 
01-l iquid (11) d i s t r i b u t i o n s .  The s l i g h t  displacement f o r  t h e  a n o r t h o s i t i c  
p l a g i o c l a s e  is accentuated  f o r  t h e  78235 n o r i t e  and 76535 t r o c t o l i t e ,  perhaps 
i n d i c a t i n g  a composit ional  e f f e c t  a s  i n  (3). The c l o s e  s i m i l a r i t y  of 
d i s t r i b u t i o n s  f o r  annealed a n o r t h o s i t e s  and unannealed mare b a s a l t s  suggests  
t h a t  anneal ing does not  g r e a t l y  modify t h e  d i s t r i b u t i o n .  
Ab p l a g i o c l a s e  v s .  mg mafic. F ig .  2 compares our d a t a  w i t h  t h e  genera l ized 

I I reg ions  f o r  p r i s t i n e "  samples be l i eved  t o  be  f r e e  of m e t e o r i t i c  contamination 
1 2  W e  c a u t i o n  t h a t  l i t e r a t u r e  d a t a  provide a poor d a t a  set s i n c e  (i) Ab 
and An c o n t e n t s  o f t e n  mis-match by s e v e r a l  %, and ( i i )  s e v e r a l  types  of 
p l a g i o c l a s e  may be p resen t ,  a s  i n  78235 wi th  an  Ab range of 1.6% (6). W e  
urge c o n s i s t e n t  use  of accura te  va lues  of Ab determined from t h e  Na20 content .  
Three of our a n o r t h o s i t e s  f a l l  o u t s i d e  t h e  f i e l d s  given i n  (1) .  A l l  our d a t a  
f a l l  i n  a n e a r - v e r t i c a l  t rend.  
Ab p l a g i o c l a s e  v s .  mq plag ioc lase .  Since  m g  p lag ioc lase  i s  r e l a t e d  t o  mg 
mafic,  w e  now p l o t  Ab v s .  ~g p l a e i o c l a s e  (Fig. 3) t o  avo id  p o s s i b l e  problems 
from non-consanguineous minera ls  i n  polymict rocks.  I f  t h e  78235 and 76535 
specimens a r e  ignored because of t h e i r  p o s i t i o n s  i n  Fig .  1, t h e  remaining 
specimens ( a l l  anor t t los i t e s )  f a l l  on a weak negative t r e n d  wi th in  t h e i r  l a  
e r r o r s  ( r e c t a n g l e s ) .  This t r end  ~natches  the  weak n e g a t i v e  t rend i n  Fig.  2 
and i n  (2 ) ,  and sugges t s  t h a t  t h e  l a t t e r  should not  be  dismissed a s  i n  (1 ) .  
Conclusion. Plany f u r t h e r  da ta  a r e  needed t o  conso l ida te  these  prel iminary 
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Table  1. Minor elements  i n  p l ag ioc la se :  mg va lues .  
Sample Ab PeO IqgO K20 mg mY mg 

rnol % %Yt % wt % w t  % 01 gx 
15415,89 '. 3.5(1) 105 (11) .047 (6) .625(5) 44(3) - a56 
15364 , l  5.2(8) ,058 (5) .046(6) ,040(6) 59(2)  7 1  76 
60025,308 3.9 (5) .14 (3) -064(12) .031(11) 44(4) - 5 5 
60619,12 5.5(13) .11-(3) . PO (3) .03(1) 61(4)  72 7 5 
60665,3 3.6 (4) .13 (4) -06 (3) .016(6) 42(4) 67 60 
61016,15 3.5(3) o 11 (2) -07 (1) .006(3) 54(4) - 6 2  
61016,27* 3.8(4) ,231 (10) .17 (7) .022(12) 56(4)  - 11 

61016,27+ 3.8(6) . I 2 1  (12) .051(10) .023(6) 42(4) - V I  

67075,2 3.1(3) -069 (18) .042(15) .020(7) 52(7) b60 - 
67637, l  5.4 (4) -100 (17) .048(15) .014(3) 45(6)  60 64 
67746,s 5.7(5) $071 (9) - 0 8 8 0 8 )  .084(17) 69(3)  75 79 
76535,49 3.3(3) .045 (12) .19 (4) .051(4) 87(3)  c87 
75235,40 4.7(2)  -021 (2) .*. .059(11) .071(18) 77(9) - C78 
Standard  d e v i a t i o n  i n  b r a c k e t s .  ^and+ ,  melted and non-melted p o r t i o n s .  
a 9 b 9 c ,  r e s p e c t i v e l y  from r e f s ,  8 ,9 and 1 0 ,  

r e s u l t s ,  e s p e c i a l l y  ion-probe d a t a  f o r  a d d i t i o n a l  e lements ,  The cons i s t ency  
of t h e  mg p a r t i t i o n i n g  s u g g e s t s  t h a t  p o s t - c r y s t a l l i z a t i o n  p r o c e s s e s  have  n o t  
e l imina ted  c l u e s  t o  t h e  o r i g i n  of  l u n a r  a n o r t h o s i t e s .  
1. P.H. Warren, J.T. Wasson 1977 PLSC 8 2215. 2. J .L.  Warner, C.E. B i c k e l  
1978 Am. Min. 6 3  1010. 3,  J. Longhi -- e t  a l .  1976 PLSC 7 1281. 4 .  
I .D. Hutcheon -- e ra s .  - 1979 PLSC 9. 5.  I .M. S t e e l e  -- et  al: 1976 Proc.  8 t h  I n t .  
Conf. X-ray Op t i c s  Microanalys is  submit ted .  6 .  1,s. McCallum, E.A. Mathez 
1975 PLSC 6 945. 7. L.G. Medaris 1969 Am. J. S c i ,  - 267 945. 8. 1 - M .  S tee le ,  
J.V. Smith 1971 Nature Phys. S c i ,  - 234 138. 9. I . M .  S t e e l e ,  J . V .  Smith 1975 
PLSC 6 451. 10 .  R.F. Dymek -- e t  a l .  1975 PLSC - 6 301. 11. P.L. Roeder, 
R.F. Ems~ie 1970 Contr .  Min. P e t r .  - 29 275. 
Acknowledgement: NASA 14-001-171. 

mg plagioclase 
F i g .  1. D i s t r i b u t - i o n  of Fe and 1Ig between low-Ca pyroxene and p l a g i o c l a s e  
and comparison w i t h  p l a g i o c l a s e - l i q u i d  d a t a  of (3) .  
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F ig .  2. P lo t  of rng 
(low-Ca pyroxene) vs. 
rlb (mol %) i n  
plagioclase .  Our data  
use  mg f o r  low-Ca 
pyroxene, but  the  da t a  
i n  Warren and Wasson 
(1977) a r e  f o r  both 
o l i v i n e  and pyroxene. 
The dashed l i n e s  a r e  
our  i n t e rp re t a t i on  of 
t h e i r  da ta ,  The t rends  
from Warner and Bickel 
(1978) pass through 
da t a  f o r  both  pyroxene 
and o l iv ine ,  

Ab (mol.%) plagioclase 

Fig .  3. mg  of 
p lag ioc lase  vs. Ab 
of plagioclase.  

10 5 
Ab(mol.%) plagioclase 



XENOLITH STUDIES AND THE NATURE OF THE LOWER CRUST, R. W. Kay, 304 
Kimbal 1 Hal 1, Cornel 1 University, Ithaca, N Y  14.853 

Xenol i t h  populations in basal t s  and kimberl i t e s  include numerous examples 
of both upper mantle and lower crustal rocks. Of the two types, the mantle 
sui tes  have received more at tent ion,  and serve as a guide to  the study of the 
crustal su i tes .  In the lower crust ,  there a re  several rock types that  we 
expect to  be important, and are found among the xenoliths: 

(1 ) Residual granul i t e s  complimentary to crustal me1 t s .  
( 2 )  Intrusive basal t i c  magmas, which serve as heat sources. 
(3) Metasedimentary rocks. 

Many of the xenoliths are pre-Cambrian, b u t  largely by chance. 

Present heat flow variation in the U .  S.  implies tha t  lower crustal rocks 
wi 1 l be a t  wi del y di f ferent present-day temperatures. Temperatures exceed the 
melting temperature of crustal rocks fo r  many areas in the Western U .  S. 
Xenoliths from these hot areas (e.g, , Rio Grande r i f t )  have P-T estimates that  
agree with the present day temperature profile.  In cooler regions, the mineral 
equilibration temperatures probably do not refer  to  present-day conditions, b u t  
to  fossi l  geothermal gradients. Retrograde mineralogies, as in the xenoliths 
from the Colorado plateau, a re  superimposed on the high temperature r e l i c t  
mineralogy. 

Sampling problems plague xenolith studies.  One of the most s ignif icant  of 
these i s  the question of how to regionalize observations from a 1 imi ted number 
of xenolith s i t e s .  Geophysical techniques can be useful in extrapolation to  a 
regional scale.  Among these techniques, travel time residuals,  magnetic and 
conductivity data, and seismic ref1 ection prof i l ing can be used in conjunction 
with xenol i t h  data to  develop regional models of the lower crust .  Some 
apparent contradictions remain to  be resolved. For example, the high e lec t r ica l  
conductivity of some pre-Cambrian 1 ower crustal regions seems to be i ncompat- 
ib le  with commonly inferred anhydrous mineral assemblages. 

Lower crustal  xenoliths from presently active volcanic arcs (e .g . ,  Japan) 
give the c lear  implication tha t  basal t ic  rocks a re  the major rock type tha t  i s  
being added to the lower crust  a t  the present. In f ac t ,  basic igneous rocks 
seem to be quite common in a l l  lower crustal xenolith populations. The 
relevance of models of magma formation a t  volcanic arcs to  the question of the 
mechanisms of continental growth depends on the present and past ra tes  of 
crustal formation and recycl ing. 



PLATE TECTONICS ON THE EARLY EARTH; W.S.F. Kidd and Kevin Burke, 
Department o f  Geological Sciences, S t a t e  U n i v e r s i t y  o f  New York a t  Albany, 
Albany, NY 12222 

Heat escapes from t e r r e s t r i a l  p lanets  both by conduct ion through the  
sur face and by convect ion. On e a r t h ' s  sur face the  p l a t e  s t r u c t u r e  o f  the  
l i t h o s p h e r e  w i t h  i t s  associated volcanism and the  occurrence o f  volcanoes 
un re la ted  t o  p l a t e  s t r u c t u r e  a r e  the  most obvious i n d i c a t i o n s  o f  convect ion 
w i t h i n .  On the  moon a l though convect ion may p e r s i s t  today, t he  absence o f  
any volcanism younger than about 3 b.y. means t h a t  t he re  i s  no s u p e r f i c i a l  
s i gn  o f  young convect ion. On t h i s  evidence the  moon cou ld  have completed i t s  
convect ional  e v o l u t i o n  main ly  du r ing  t h e  t ime of h igh  impact f l u x  ( >  4 b.y . ) .  
This  process would have needed t o  concentrate t h e  moon's heat  generat ing 
nuc l i des  c lose  t o  the  surface so t h a t  conduct ion cou ld  s u f f i c e  t o  remove heat 
generated l a t e r  i n  l u n a r  h i s t o r y .  

On Mars the re  i s  evidence o f  both e a r l y  and l a t e r  vulcanism (a l though 
how l a t e  vulcanism p e r s i s t e d  i s  n o t  y e t  c l e a r )  so t h a t  convect ion, on the  
bas is  o f  s u p e r f i c i a l  evidence, p e r s i s t e d  f o r  longer  than on t h e  moon. Because 
the re  i s  on l y  l o c a l  evidence o f  compressional and s t r i k e - s l i p  mot ion on Mars 
the  s t rong evidence o f  r i f t i n g  can be i n t e r p r e t e d  as imp ly ing  t h a t  t he  p l a n e t  
came c lose  to ,  bu t  d i d  no t  develop, a p l a t e - s t r u c t u r e d  l i t hosphere .  Mars 
appears t o  have been genera l l y  ab le  t o  d i s s i p a t e  i t s  convect ive  heat through 
sporadic vulcanism. 

On Ear th  (1 ) about o n e - t h i r d  o f  t h e  heat p resen t l y  being generated 
escapes through the  coo l i ng  o f  ocean f l o o r  as i t  ages, another t h i r d  by con- 
duc t i on  through t h e  ocean f l o o r  and the  r e s t  by conduct ion through the  c o n t i -  
nents i n  which the re  i s  a h igh  concent ra t ion  o f  heat-generat ing nuc l ides  a t  
shal low depths. Evidence o f  h i g h  sea l e v e l s  du r ing  the  l a s t  0.6 b.y. has 
been i n t e r p r e t e d  (1 )  as showing t h a t  a t  some t imes i n  t he  pas t  up t o  h a l f  o f  
a l l  t he  e a r t h ' s  heat p roduct ion  was l o s t  by the  aging o f  ocean f l o o r .  

Dur ing t h e  Archean two o r  t h ree  t imes as much heat was being generated i n  
t h e  e a r t h  and the  absence o f  evidence o f  extensive con t i nen ta l  m e l t i n g  ( 2 )  
shows t h a t  heat d i d  n o t  escape a long much steeper conduct ive grad ien ts  than 
a t  present .  Evidence o f  incessant  widespread sporadic vulcanism i s  a l so  lack-  
i n g  so t h a t  increased convect ion w i t h  more e f f e c t i v e  c o o l i n g  o f  aging l i t h o -  
sphere appears the  most l i k e l y  way by which the  e x t r a  heat was removed. 

P l a t e  t e c t o n i c s  i s  t he  heat d i s s i p a t i n g  convect ive process t h a t  operates 
on e a r t h  today, and we have suggested (3)  t h a t  Archean rocks and s t ruc tu res  
can be i n t e r p r e t e d  as products o f  p l a t e  t e c t o n i c  processes. More a c t i v e  p l a t e  
t e c t o n i c s  cou ld  have s a t i s f i e d  the  heat d i s s i p a t i n g  requirements o f  the  e a r l y  
Ear th.  

Some Archean geo log i s t s  have been r e l u c t a n t  t o  i n t e r p r e t  t he  rocks they 
study as products o f  p l a t e  t e c t o n i c  processes and some a l l eged  p l a t e  t e c t o n i c  
i n t e r p r e t a t i o n s  o f  t he  Archean appear u n r e a l i s t i c  t o  us. This  seems t o  be 
p a r t l y  through a l a c k  o f  f a m i l i a r i t y  among students o f  t he  e a r l y  Ear th w i t h  
the  way i n  which p l a t e  t e c t o n i c s  has operated du r ing  l a t e r  t imes and l i m i t e d  
acquaintance w i t h  the  k inds of rocks and s t r u c t u r e s  i t  has produced. A major 
s p e c i f i c  problem has been t h a t  many Archean geo log i s t s  i n t e r p r e t  greenstone- 
be1 t s  as s t r u c t u r a l  l y  simp1 e whereas p l a t e  t e c t o n i c  i n t e r p r e t a t i o n s ,  emphasi z- 
i n g  h o r i z o n t a l  mot ion on t h e  E a r t h ' s  sur face,  r e q u i r e  them t o  be s t r u c t u r a l l y  
complex as Ramsay ( 4 )  long ago demonstrated f o r  the  Barberton mountain land. 

The p l a t e  t e c t o n i c  process on Ear th  embodies, as an essen t i a l  p a r t ,  t he  
convect ive  r e t u r n  o f  hydrated l i t h o s p h e r e  t o  the  mantle. P a r t i a l  m e l t i n g  a t  
o r  above subducted hydrated l i t h o s p h e r e  i s  the process t h a t  produces the  ca l c -  
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alkaline rocks character is t ic  of convergent plate  boundaries and many have 
pointed out tha t  la te ra l  accretion of such arc  material made a t  convergent 
boundaries i s  a feasible  way of building continents. These observations 
suggest a possible answer t o  the question: "When did plate-tectonics begin?" 
One answer could be "As soon as water, suf f ic ien t  t o  par t ia l ly  hydrate des- 
cending convective material, existed on the Earth's surface, because from 
that  time on calc-alkaline rocks a re  l ike ly  to  have been erupted.'' We suspect 
that  water existed on the Earth's surface from early in i t s  history - 
certainly long before the -3.8 b.y. oldest rocks were formed. From the time 
that  there was water on the Earth's surface there seems 1 i t t l e  1 i kel ihood 
tha t  t e r r e s t r i a l  petrology much resembled tha t  of the moon. Instead of high 
alumina basal t ic  and anorthosit ic highlands the Earth would have produced 
calc-alkaline arcs ,  microcontinents and continents. 

(1  ) Turcotte, D .  L .  and Burke, K.  , 1978. Global Sea-level changes and the 
thermal s t ructure of the earth.  Earth Planet. Sci. Lett. 41, 341 

(2) Burke, K.  and Kidd, W. S. F .  , 1978. Were Archaen continental geothermal 
gradients much steeper than those of today? Nature, 272, 240. 

(3)  Burke, K . ,  Dewey, J .  F .  and Kidd, W. S. F . ,  1976. Dominance of horizontal 
movements, arc  and microcontinental col l is ions during the l a t e r  per- 
mobile regime, pp. 113-129 in The Earth History of the Earth (ed. B . F .  
Windley) Wiley, London. 

(4)  Ramsay, J . G . ,  1963. Structural investigations in the Barberton Mountain 
Land, eastern Transvaal. Trans. Geol. Soc. S. Africa 66, 353. 



THE THERMAL HISTORY OF THE EARTH IN THE ARCHEAN; R, St J. Lambert, 
Department of Geology, University of Alberta, Edmonton, Alberta T4G 2E3 

It i s  argued that the Earth i s  i n  thermal equilibrium, with heat production roughly 
q u a i  to surface heat flow. To produce an average flux of 60 m ~ / m 2  a mantle with 
about 245 ppm K, 0.028 ppm U and Th at 0.080 ppm i s  required i f  there i s  zero heat 
production i n  the core. Such a mantle could comfortably produce tholeiites of the type 
found i n  Leg 37 of DSDP, dril l ing into the flank of the Mid-Atlantic Ridge. The thermal 
equilibrium argument can be extended back to the Archean-Proterozoic boundary, but no 
further, for thick Archean continents could only stabilize i f  the mantle-crust heat flux i s  
limited to about twice today's value. The paradox of lack of  extensive pre-3000 Ma 
continenb may be resolved i f  a model with a heat flow maximum i s  adopted; the double 
eonveetlon systems of McKenzie and Weiss come close to providing such a solution. 
Arguing further that high heat flows today are invariably associated with igneous activity, 
i t  i s  reasoned that a l l  the Archean continents could be produced i n  only 60 Ma i f  the 
surface heat flow ever averaged 180 mw/m2, three times today's average or about equal 
to Iceland. Concluding that such an event has never occurred, together with other 

2 analogies, leads to a heat flux model in which a maximum of 125 mW/m i s  reached at 
2800 Ma ago, preceded by a subsidiary maximum at  35Q0 Ma. Rapid continental growth 
occurred from 3800 to 2600 Ma, leading to stabilization as the heat-producing elements 
were transferred from mantle to crust. After consolidation of the scattered sial, the 
sub-continental mantle began to develop a lithosphere, leading to a period of "thin-skin 
tectonies" (the Proterozoic). Finally , when some of the oceanic lithosphere reached a 
i-hickness comparable with that of today, the plate tectonic regime began. The only 
alternative seen by this author to the above i s  to recycle the Archean proto-continents 
extemively, a process for which we have no direct evldenee. 



THE ORIGIN OF LUNAR ANORTHOSITES 
John Longhi, Dept, of Geology, Univ, of Oregon, Eu-gene, Oregon 97403 

Lunar anorthosites are a distinct class of rocks, possessing a combina- 
tion of unusual. petrclogical and chemical features that suggest formation of 
the anorthosites under rather special conditions. Among the ancient, lunar 
crustal rocks which retain textural evidence of a cumulate origin and which 
are free of meteorite contamination, the anorthosites form a distinct group in 
terms of the compositions of plagi.oclase and the mafic minerals(l,2). In the 
suite of Mg-rich cumulate rocks (dunite,norite,troctolite) there is a conven- 
tional trend of decreasing a.northite content in plagioclase (An 98-86) coupled 
with decreasing Mg/(Mg+Fe) in olivine and low-Ca pyroxene (Fig. 1). Among the 
anorthosites, however, there is less than 3 mole % variation in plagioclase 
composition (An 98-95), while mafics vary approximately 25 mole % in Mg/(Mg+Fe 
) (Fig. 1). In most anorthosites the variation of Mg/(Mg+Fe) in olivine and 
pyroxene is no more than a few mole percent, but some samples, eg. 67075 13) 
and 60025(4) show much larger ranges (25 and 7 mole % respectively) indicating 
a possible mixing process. There is a distinct gap in mineral compositions be- 
tween the anorthosites and the Mg-rich cumulates, which was originally thought 
to be an artifact of limited sampling ( 5 ) ,  however, the gap has persisted de- 
spite the addition of many new samples(4) to the original groupings of (1). 
Thus the gap is apparently real and must be explained. Furthermore, even though 
the anorthosites have mafics with much lower ~g/(~g+~e) than Mg-rich cumulates 
contaj-ning plagioclase of similar composition and thus appear to be more dif- 
ferentiated, extremely low sr8 7/~r8 ratios in the anorthosites ( 6 )  indicate 
that the anorthosites formed within a few million years of the formation of 
the moon, whereas the primary differentiation of the moon lasted 100-200 mil- 
lion years,(7). Also, studies of ejecta from basin-forming impacts(8) suggest 
that the lunar crust is stratified with the upper layers richest in anortho- 
sites and the lower layers rich in Mg-rich cumulates. These data beg the para- 
doxical interpretation that the anorthosites formed before the Mg-rich rocks. 

The general petrological and chronological features of the primitive crus- 
tal rocks can be accomodated by the "rockberg" model of the formation of the 
crust (9,5). This model assumes that the outer portion of the moon was initial- 
ly molten, i.e, a magma "ocean" existed. Strong radiational cooling induced ex- 
tensive crystallization of the upper layers. Dense olivine and pyroxene sunk, 
while plagioclase with density 2 density of the fractionated liquid floated 
and aggregated over cooler areas of convective down-welling to form anorthosi- 
tic "rockbergs" (Fig. 2). During this episode the magma. ocean would crystallize 
rapidly without much opportunity for fractj-onal crystallization except in its 
upper layers(l0). When the ocean had crystallized sufficiently to be saturated 
with plagioclase,lateral accretion of the rockbergs into a continuous, thin 
crust would have come to completion quickly and the downward growth of the 
crust would have accelerated(ll), thereby allowing the incorporation of less 
extensively fractionated and, hence, more Mg-rich material into the lower 
crust, 

Attempts to model the mineral compositions in the primitive crustal rocks 
(5,121 indicate that the actual circumstances involving the crystallization of 
these rocks were quite complex. The trend of mineral compositions produced 
from calulated fractional crystallization (5,12) of model magma ocean composi- 
tion GA(V) (solid line in Fig. 3) passes at a marked angle to the anorthosite 
trend. This line represents the expected mineral compositions if both mafics 
and plagioclase were cumulate or heteradcumulate phases. If the mafics formed 
entirely by crystallization of intercumulus liquid, the composition of the 
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plagioclase would still be dominated by the cumulus plagioclase, but the Mg/( 
Mg+Fe) of the mafics would be that of the trapped liquid, since this liquid 
would be unable to differentiate. The trace of anorthosite mineral composit- 
ions produced by liquid entrapment is shown as the dashed line in Fig. 1. Com- 
binations of cumulus mafics and trapped liquid would produce anorthosites with 
mineral compositions lying between the two curves. The natural case is likely 
to have been more complex with less efficient fractionation driving the curves 
toward higher Mg/(Mg+Fe) and efficent separation of mafics coupled with sus- 
pension of plagioclase steepening the curves. However, in general we should 
expect to find evidence of greater proportions of trapped liquid, such as high- 
er concentrations of incompatible elements, with decreasing Mg/(Mg+Fe). This 
prediction is borne out by the light REE. Fig. 3 shows that bulk rock La and 
Sm concentrations increase with decreasing ~g/(Mg+Fe) of the mafic minerals. 

The limited range of plagioclase composition in the anorthosite series 
might well be the result of the small density contrast between plagioclase(p= 
2.76) and the liquid (Fig. 3). Given the turbulent convection in the upper la- 
yers of the magma ocean, early formed plagioclase might have remained suspend- 
ed and hence in equilibrium with the liquid until removal of olivine drove the 
Fe/Mg ratio and density of the liquid to higher values. Predominantly equili- 
brium crystallization of plagioclase could account the narrow range of plagio- 
clase composition of the anorthosites and variable proportions of cumulus ma- 
fics and trapped liquid could produce the anorthosite "trend". This model is 
different from that of (13) in that plagioclase suspension is restricted to the 
upper layers of the magma ocean and the mixing of cumulus mafics and trapped 
liquid accounts for the anorthosite trend only -- it does not relate the anor- 
thosites to the Mg-rich rocks which crystallized from different liquids. 

Relating the anorthosites to the Mg-rich cumulates presents a considera- 
ble problem if we assume the same parental liquid, i. e. an initially homogen- 
eous magma ocean. A parental liquid that can produce the anorthosites, GA(V), 
is too Fe-rich to produce the Mg-rich rocks by simple fractional crystalliza- 
tion and accumulation (Fig 1). Equilibrium crystallization of GA(V) would pro- 
duce the narrow range of mineral compositions given by the line "eq". If com- 
position GA(V) underwent near equilibrium crystallization up to the point of 
plagioclase saturation and then underwent fractional crystallization, the 
trace of mineral compositions would originate at the right-hand end of the 
line "eq" and continue through the low Mg/(Mg+Fe) portion of the Mg-rich cumu- 
late area. In order to accomodate all of the Mg-rich cumulates it is necessary 
to assume less efficient fractional crystallization or an initial composition 
with higher Mg/(Mg+Fe). The presence of cumulus olivine in some of the anor- 
thosites ( 2 ) ,  however, suggests that the initial bulk composition cannot have 
been very much more magnesian if the anorthosites were primary. 

The formation of the primitive crustal rocks, then, may be considered to 
be the result of two episodes in the evolution of the magma ocean: the first 
involved formation of anorthositic rockbergs in the highly fractioriated upper 
layers of a magma ocean that was undergoing rapid, near-eqilibrium crystalli- 
zation; the second involved downward growth of the crust into an ocean satur- 
ated with plagioclase and undergoing fractional crystallization. 

REFERENCES: (1) Warner J. L. and Bickel C.E. (1978) Am. ~iner. 63, 1010-1015. - - -  
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Fig. 1 Mg/(Mg+Fe) in olivine and bow-Ca 
pyroxene versus anorthite content in plag- 
ioclase for primitive lunar crustal rocks. 
Observed compositions lie within the dot- 

-.9 ted lines. Mineral compositions expected 
from equilibrium crystallization lie along 
the line "eq", from fractional crystalli- 
zation along the line "cumulate mafics" 
and from cumulus plagioclase with trapped 
liquid during fractional crystallization 
along the line "trapped liquid". "2" re- 

-.q fers to the onset of plag+ol crystalliza- 
tion; "3" to plag+low-Ca pyroxene. Numbers 

5 in parentheses are calculated liquid den- 
$5  sities.Mode1 parental composition GA(V) in 

- wt.%: Si02 -42.8, Ti02 -0.44, A1203 -8.36, 

Cr203 -0.17, FeO -9.40, MgO - 33.6, MnO - 

Fig. 2 Sketch of the "rockberg" epoch of 
the lunar magma ocean.dots=ol, crosses = 
opx, x's = cpx, squares = plag. Not to 
scale though ocean depth estimated to be 
approx. 300-400 km. 
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Fig. 3 La and Sm bulk rock concentrations 
in lunar anorthosites as a function of 

, ~ l t I I t I I I  Mg/(Mg+Fe) in mafic minerals. Where mafics 
.90 -95 are inhomogeneous, e. g. (3) ,most Fe-rich 

XA" compositions are plotted. 



A REVIEW OF TEC'IQNIC PROCESSES I N  THE I N N E R  SOLAR SYSEH 

Paul D. Lowman J r .  
Geophysics Branch (Code 922 ) 
Goddard Space F l i gh t  Center 

Greenbelt, ldaryland 20771 

The ~vloon, ibrcury,  Tviars, Venus, and Earth form a na tura l  s e r i e s  of 
increas ing s ize ,  mass, i n t e r n a l  energy, and degree of c ru s t a l  evolution. 
They appear t o  have undergone similar evolutionary paths, the chief  d i f f e r -  
ence among them being how f a r  dlong these paths each has traveled.  However, 
t h e i r  tec tonic  s t y l e s  show subs t an t i a l  differences.  'This paper reviews the  
t ec ton ic  processes dominant on each of the  bodies l i s t e d ,  

Tne ivloon, sinallest and rnost priinitive of the  s e r i e s ,  appears t o  have 
evolved i n  three rnajor s tages ,  Stage I includes the lbfoonl s formation and 
the  heating of i t s  outer  pa s t s  t o  melting temperatures. Stage 11 includes 
the f i r s t  d i f fe ren t ia t ion ,  i n  which a global  fe ldspathic  c r u s t  was formed by 
igneous processes. The end of Stage I1 can be pu t  a t  about 3.9 boy. ago, 
the time of the l a t e  heavy bombardment, when t h e  1vloon was hit by a s e r i e s  of 
massive bodies which formed the mare basins. Stage I11 was a long period of 
generation and eruption of b a s a l t i c  magmas, which can be considered a second 
d i f f e r en t i a t i on ,  This was  e s sen t i a l l y  the  end of the  Moon's c r u s t a l  evolu- : 
t ion,  except f o r  minor volcanism and sporadic impacts. The Moon i s  now large- 
l y  inac t ive ,  cold and r i g i d  t o  depths of several. hundred kilometers bu t  hot  
and p a r t l y  molten i n  the  deep i n t e r i o r .  

The Idoonls physiography ind ica tes  nei ther  rnajor compressional nor exten- 
s i ona l  tectonism, suggesting t h a t  i t s  s i z e  has remained nearly constant  f o r  
t he  l a s t  four b i l l i o n  years  or  more . There is ,  however, a global  lineament 
sysem,  o r  lunar  grid, consis t ing of a va r i e ty  of tec tonic  fea tures  including 
f rac tures ,  mare r idges ,  and possibly volcanic chains o r  extrusions,  T h i s  
lineament sysbm has azimuth maxima i n  IW-SE and NE--SI direct ions ,  with a 
subsidiary maximum rough3-y M-S, It appears t o  date from very ea r ly  i n  the 
i;noont s his tory ,  although i t  apparently has been react ivated l o c a l l y  since 
then. Seismic da t a  from the  ALSEP seismometer n e t  ind ica te  a low l e v e l  of 
seismic ac t i v i t y ,  ch i e f l y  occurring a t  depths of severa l  hundred kilometers 
and t r iggered by t i d a l  forces  resu l t ing  from the  Wioonls e l l i p t i c a l  o r b i t  
around the Earth. The foca l  mechanisms a r e  ch ie f ly  t h r u s t  faul t ing.  The 
deep moonquakes a r e  concentrated i n  three  o r  possibly four  b e l t s  on the  
earthward side, i n t e r s ec t i ng  under sou theas t e r n  Oceanus ~ o c e l l a r u m .  Although 
the  lunar  se ismici ty  i s  thus  l a rge ly  ex te rna l ly  t r iggered,  i t  appears t o  be 
superimposed on global  co~npression, implying t h a t  the i400n i s  present ly  con- 
t r a c t i n g  as a r e s u l t  of cooling a t  a very slow r a t e .  

hfercury's physiography and in fe r red  c r u s t a l  evolution appear t o  generally 
resemble those of the ihoon, although i t  d i f f e r s  i n  having a l a rge  i r o n  core 
and consequent high density.  A s imi la r  sequence of evolutionary events, in-  
cluding f i r s t  d i f f e r en t i a t i on ,  l a t e  heavy bombardment, and second differen- 
t i a t i o n ,  can be i n f e r r ed  although obviously with considerable uncertainty.  
However, idercuryf s tec ton ic  h i s to ry  d i f f e r s  sharply from t h a t  of  the  Moon i n  
t ha t  Mercury exh ib i t s  a family of scarps t h a t  appear t o  be reverse f au l t s .  



They show no preferred or ienta t ion,  unlilre %he lunar f r ac tu r e  pat tern .  
Their ag@ i s  :LaazzgeLy pse-%8'cIe heavy- bo~nbwcPnisnt ( i e e o ,  they a re  older than 
t he  ( laloria  bas in)  T%o rnechmrisrias haw6 besi?. suggested f o r  the  formation of 
the  i n f e r r ed  reverse f a u l t s $  pLane%ar despinning ta the  present resonant 
ro ta t ion ,  and simple thennal contrac"con, The random or ien ta t ion  a t  a l l  
lati%udes suggests tha t  theranal contract ion i s  by f a r  the  dominant mechanism, 
The -i;iming a d  nature of hlercurian tectolnism suggests higher ea r ly  tempera- 
t u r e s  khan %hose i n  tlne l~oon, perhaps r e su l t i ng  from bkrcurygs  pos i t ion  
c loser  t o  the  sm, 

Tkbe physiography of I d a s  has been greatly modified by atmosphere-depen- 
dent processes of erosion and deposit iono However, i f  allowance i s  made f o r  
these,  a gross ly  s imilar  overa l l  pa t t e rn  of c r u s t a l  evolution can be dis- 
cerned, including f i r s t  d i f fe ren t ia t ion ,  l a t e  heavy bombardment, and second 
d i f  ferentia'cjon, Unlike the  rdloon and Mercury, ivlws continued i n t o  a, four th  
s tage of c r u s t a l  evolution %hat can be considered i nc ip i en t  p l a t e  tec tonics ,  
The most conspicuous evidence f o r  this inference i s  the  Valles Uarineris, 
generally in te rpre ted  as an imrnense system of grabens and r e l a t ed  fea tures  
r e su l t i ng  from u p l i f t  and N-S extension, The Valles ~ a w i n e r i s  are superim- 
posed on -the N-S t rending Tkaamasia u p l i f t ,  a s imilar  bu t  older and less-  
developed feature.  The Valles i l~ar inor is  appear fundamentally s imilar ,  i f  
allowance i s  made f o r  simpler c r u s t a l  sLrneLuse and greaLar l i thospher ic  
thickness., to the East  African. r i f t  system, a,nd represent i n  t h i s  view the 
beginning of c r u s t a l  fragmentation by %ectona_ic processes. Ibwever, t h e i r  
g r ea t  age suggests t h a t  Mars has not advanced very f a r  i n t o  a t r ue  p l a t e  
tec tonic  s tage,  'This i s  supported by the great  s i z e  of the  Olyrflpus dons 
volcanic p i l e ,  which has been i n t e rp re t ed  a s  resu l t ing  f ~ o m  continued erup- 
Lion on a c r u s t  t h a t  has remained s t a t i o n w g  over a mantle plume, 

Only por t ions  of "ce physiography of Venus have been resolved by earth- 
based radar,  Soire regions are cra tered,  resembling the lunar,  i&rcuriara, 
and idmtian highlands to an extei?.tI, However, a l a rge  polygonal basin, a 
plateau,  and a long val ley with a. bifu~?caliola a t  olae end have a lso  been 
resolved, suggesting t ha t  a subs t an t i a l  pare  of the Venusian physiography 
i s  of .tectonic origint ,  Tie va l ley  i s  of pmticu(f-as i n b ~ e s t ,  having a gross 
resertlblance t o  the  Red Sea and t h e  East  African rift system, even Lo the 
ex ten t  of a poss ible  t r i p l e  junctiono Geochemical da t a  from three  Soviet 
Venera probes suggest %hat d i f f e r en t i a t i on  has occurred on Venus, Viewed 
co l lec t ive ly ,  the  da.ta suggest t h a t  Venus, l i k e  iviazs, i s  a t r a n s i t i o n  
planet ,  which has entered a four th ,  o r  p l a t e  tectonic,  s tage of c r u s t a l  
evolution 

Zlae Earth i s  obviously t he  mos"i,active arad highly-evolved rnernber of the 
i nne r  so1.w system, and i t s  ea r ly  geologic record i s  obscure f o r  t h a t  reason* 
However, t e r r e s t r i a l  Precambrian geology, when viewed i n  the  context  of 
comparative planetology, can be i n t e rp re t ed  a s  resu l t ing  from an evolution- 
a ry  pa th  s i m i l a r  t o  t ha t  followed by t he  other  p lanets  and the  Moon. It has 
been proposed t h a t  the  E a t h  underwent ea r ly  d i f fe ren t ia t ion ,  forming a 
g1oba.l c r u s t  of intermediate bulk cornposi~ola, i n  the f i r s t  hal f -bi l l ion 
years  of i t s  existence,  R period of l a t e  heavy bombarchent, s imilar  t o  t h a t  
suffered. by the  idoon, disrupted this earrly crust ,  loca l iz ing  mantle convec- 
t i o n  and b a s a l t i c  magma generation, and i n i t i a t i n g  sea-floor- spreading 
analogous to,  bu t  much more rap id  than, t h a t  of the PhmerozoicO This 



permobile s tage  probably ended about 2 , s  b i l l i o n  years  ago, with c r u s t a l  
thickening and s t ab i l i z a t i on ,  Since t h a t  time, t e r r e s t r i a l  tectonism has 
been dominated by sea-floor spreading, subduction, and a t tendant  processes, 
although in t ra-pla te  a c t i v i t y  has played a continuing r o l e  whose ex t en t  is 
s t i l l  n o t  known, S a t e l l i t e  imagery and seismic pa t t e rn s  ind ica te  t h a t  the 
degree of in t ra -p la te  deformation and ex ten t  of d i f fu se  p l a t e  boundaries a r e  
much greater  than commonly real ized.  A petrologic  e f f e c t  of the Ear th ' s  
in tense  tec tonic  a c t i v i t y  has been r ed i f f e r en t i a t i on  of the  o r i g ina l  c r u s t  
by p a r t i a l  melting, r e su l t i ng  i n  a ver t ica l ly-z  oned con t inen ta l  c r u s t  
consis t ing of a depleted g r anu l i t i c  lower p a r t  and a l i thophi le - r i ch  g r a n i t i c  
upper par t .  The Ea r th ' s  cont inents  i n  t h i s  theory represent  the greatly-  
a l t e r ed  remnants of a p r imord id  global  c rus t ,  r a t he r  than the r e s u l t  of 
long-term l a t e r a l  accretiorr of orosenic b e l t s ,  
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YET ANOTHER ARCHEAN PROVINCE? THE LOWER CRUST AS REVEALED B Y  
XENOLITHS IN KIMBERLITES, T.  R .  McGetchin, Lunar and Planetary Ins t i tu te ,  
3303 NASA Road l ,  Hous"LnM, TX 77058 

Introduction 

While our knowledge of the nature of the Archean i s  through classical  
f i e ld  studies of old terrains  exposed in the shields ,  the crust  of the earth i s  
also available as xenoliths in kimberl i t e  pipes. These rocks are of par t icular  
in te res t  because in some pipes a very long vertical section i s  represented 
which includes not only the crystal l ine rocks known from the upper c rus t ,  but 
also xenoliths from the lower c rus t  and upper mantle. Xenoliths of possible 
upper mantle origin (eclogite a.nd 1 herzol i t e  nodules) have been the subject of 
intensive study and a great deal i s  known about them. The lower crustal su i te  
has not  received t h i s  type of attention and these rocks may provide very 
important clues about the nature and origin of the c rus t  of the earth (and 
whether the processes which formed i t  had anything in common with the lunar 
up1 ands ) . 
Setting and Xenol i ths 

The kimberlite pipes of the Colorado Plateau occur in southern Utah, 
Arizona, and blew Mexico (see Figs. 1 ,2) .  Pyroxene compositions from within the 
intrusive kimberlite microbreccia suggest depths 50 to  200 km. The kimberlite 
i s  known to  be derived from two lherzol i t e  assemblages by simple physical dis- 
aggregation, ( a )  spinel 1 hermol i t e  and (6)  garnet l herzol i t e ,  presumably within 
the upper mantle. The pipes and dikes are  f i l l e d  with breccia. A t  Moses Rock, 
3% of the breccia consists of c rys ta l l ine  rock fragments, approximately 75% of 
these roclcs are  igneous or altered igneous rocks - metabasalt, gabbro, dior i te ,  
rhyol i te  and granite;  25% of the fragments are  foliated metamorphic rocks. The 
most abundant metamorphic type i s  a coarse-grai ned, granul ar-textured garnet- 
bearing, hornblende, plagioclase (gabbroic) gneiss, probably metagabbro. 
Detailed f i e ld  counts of a l l  xenolithic fragments suggest t ha t  fragment s ize  
i s  inversely related to  depth of origin -apparently rocks a re  comminuted 
during vigorous transport u p  the vent during eruption. On t h i s  basis, w i t h  
supporting petrographic studies,  a model for  the volumetric abundance of rocks 
to  about 100 km depth has been proposed by McGetchin-Silver (1972) (see Fig. 3). 
Of part icular  in t e re s t  are  the granulite gneisses of the lower crust .  Recently 
Padovani e-t a l .  (1978) have proposed a model (very similar to  Fig. 3) based on 
1 aboratory measurements of acoustic velocity in these rocks. 

The Lower Crust 

The lower crust  under the central Colo~~ado Plateau (see Fig. 3)  i s  
be1 ieved to  consist  of garnet-gabbroic gneiss and possibly eclogi t e .  These 
rocks show a hydrous over pr int .  In contrast ,  Padovani and Carter (1977) 
report  an anhydrous assemblage of xenol i t h s  from Kil borne Hole, New Mexico, 
jus t  off  the SE margin of the Plateau within the Rio Grande Rift .  They report 
s i  11 imani t e  and opx bearing garnet granul i t e ,  charnocki t e ,  two-px granul i t e  and 
anorthosite. They infer  depths of 22 t o  28 km and temperatures near 800°C to 
900°C for  the garnet-plagiocl ase bearing rocks. Hence, the assemblages a t  the 
two l o c a l i t i e s  may be similar;  they are  s t r ikingly different  in the degree of 
hydration. 

Some Imp1 i ca t i  ons 

The events recorded in volcanic rocks and structural deformation a t  the 
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surface clear ly leave the i r  imprint on the lower crust  where ( a t  l eas t  part  o f )  
the action goes on. The hydration of the lower crust  of the Colorado Plateau 
i s  related t o  the regional Tertiary tectonic and igneous history of the Western 
U .  S. The sequence of events in the central Colorado Plateau in Tertiary time 
was ( a )  kimberl i t e  emplacement a t  about 30 m.y., (2)  jus t  subsequent (or  
possibly contemporaneous) emplacement of minette (K-rich lamprophyre) dikes, 
(3) laccol i t h  emplacement, generally d i o r i t i c  in composition, scattered in time, 
( 4 )  structural up1 i f t ,  a t  about 18 m.y., and (5) pervasive bimodal basal t ic-  
rhyol i t ic  volcanism around the margin of the plateau from about 30 to  the 
present. Apparently heat (and possibly volati 1 e s )  were released beneath the 
Colorado Plateau during subduction from the west; the upper mantle released 
volat i les  (kimberl i t e s ) ,  par t ia l ly  me1 ted (minettes), expanded due to  heating 
from below (regional structural up1 i f t )  , and local l y  par t ia l  ly  me1 Led the 
lower crust  (volcanic rocks). Padovani and Carter interpret  the anhydrous 
granul i t ic  lower crustal  rocks (from the Southern Rio Grande Rif t )  to  be 
partial  me1 ting residues a f t e r  removal of fe l  s i c  1 avas . S m i t h  (1 977) described 
hydrated peridotites from Green Knobs and Buell Park (see Fig. 2) and also 
suggested tha t  the hydration event i s  related to  the gneiss of kimberlite and 
pervasive mantle hydration. Smith suggests that  the dehydration of th i s  mantle 
by intrusion of minette magma may have l iberated the volat i les  which caused the 
violent kimberl i t e  emplacement. There are  several general i zations to  be drawn: 

(1 ) The lower crust  i s  yet another probable pre-Cambrian (Archean?) 
terrain available f o r  study (xenolithic rhyol i t e s  from Moses Rock have been 
dated a t  1.7 b.y.) .  

(2) Xenoliths suggest the lower c rus t  i s  predominantly mafic, metaigneous 
garnet-gabbroic gneiss which, however, i s  qui te  variable over rather short  
distances in terms of hydration. 

(3) The lower crust  participates in igneous events, hence i s  almost 
cer tainly pervasively reworked. 

Finally, the composition and s t a t e  of the lower crust  of the earth,  and 
processes active there may be important clues about the origin of the c rus t  
i t s e l f .  Age dates on these rocks are badly needed. 
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IGNEOUS EVOLUTION O F  THE L U N A R  HIGHLANDS, Gordon McKay, 
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C u r r e n t  models  s u c c e s s f u l l y  e x p l a i n  t h e  g e n e r a l  c h a r a c t e r i s -  
t i c s  o f  h i g h l a n d s  r o c k s  i n  t e rms  o f  magma ocean  c r y s t a l l i z a t i o n .  
Models o f  i n c r e a s e d  c o m p l e x i t y  a r e  r e q u i r e d  t o  e x p l a i n  t h e  d e t a i l s  
o f  h i g h l a n d s  r o c k s .  Requ i r emen t s  f o r  t h e  p e t r o g e n e s i s  o f  h i g h l a n d s  
r o c k s  c o n s t r a i n  magma ocean  c o m p o s i t i o n s  t o  be n o n - c h o n d r i t i c .  
Data f rom c u m u l a t e  d u n i t e  and a n o r t h o s i t e s  s u p p o r t  a f r a c t i o n a t e d  
magma o c e a n .  The i n f e r r e d  f r a c t i o n a t i o n s  a r e  t h o s e  e x p e c t e d  f o r  
i g n e o u s  p r o c e s s e s ,  r a t h e r  t h a n  c o n d e n s a t i o n  p r o c e s s e s .  However, 
t h e  r e q u i r e d  h i g h  p r e s s u r e  m i n e r a l  a s s e m b l a g e s  a p p e a r  t o  be 
i n c o n s i s t e n t  w i t h  c o n s t r a i n t s  on magma ocean  d e p t h .  S o l u t i o n  o f  
t h i s  pa r adox  a w a i t s  f u r t h e r  work.  



THE BANDED ZONE OF THE STILLWATER COMPLEX: STRATIGRAPHY, PETROLOGY 
AND A NODEL FOR THE GENERATION OF ANORTHOSITE ZONES. L.D. Raedeke and I .S .  
McCallunr, Department of Geological  Sciences,  Un ive r s i t y  of Washington, 
S e a t t l e ,  Washington 98195. 

The p lag ioc lase- r ich  rocks  of t h e  S t i l l w a t e r  Complex, i . e .  t h e  Banded 
zone, have been subdivided i n t o  t h r e e  zones and twelve subzones. A d e t a i l e d  
s t r a t i g r a p h i c  sequence has been determined f o r  t h e  e n t i r e  s e c t i o n  i n  t h e  Con- 
t a c t  Mountain a r e a  (4468 meters)  and f o r  a p a r t i a l  s e c t i o n  i n  t h e  P icke t  P in  
a r e a  (935 meters ) .  The r e l a t i v e  p ropor t ions  of cumulus mine ra l s  and whole rock 
modes have been determined a s  a  func t ion  of s t r a t i g r a p h i c  he ight .  Whereas t h e  
major zones show a f a i r  degree of l a t e r a l  c o n t i n u i t y  i n  t e r m s  of t h i ckness  and 
l i t h o l o g i e s ,  many of t h e  subzones and members w i t h i n  t h e s e  subzones show s ig -  
n i f i c a n t  l a t e r a l  v a r i a t i o n s  i n  t h i ckness ,  modes, and t e x t u r e s .  A s i m p l i f i e d  
s t r a t i g r a p h i c  s e c t i o n ,  a  b r i e f  d e s c r i p t i o n  of t h e  major u n i t s ,  and p l a g i o c l a s e  
and o l i v i n e  compositions a r e  presented  i n  f i g u r e  1. 

The dominant l i t h o l o g i c  u n i t s  i n  t h e  Lower Banded zone (LBZ) a r e  n o r i t e  
and gabbronor i te  w i th  minor a n o r t h o s i t e ,  t r o c t o l i t e  and gabbro members. Repe- 
t i t i v e  cyc l e s  of magmatic sed imenta t ion  have been recognized w i t h i n  t h e  lower 
o l iv ine-bear ing  subzone (OBZ I). Throughout t h e  Middle Banded zone (MBZ) 
a n o r t h o s i t e s  a r e  dominant; p l a g i o c l a s e  comprises 82% (by volume) of t h i s  zone. 
Two complex o l iv ine-bear ing  subzones a r e  sandwiched between t h e  t h i c k  anortho- 
sites; a t tempts  t o  i d e n t i f y  r e p e t i t i v e  cyc l e s  w i t h i n  t h e s e  subzones have only 
been p a r t i a l l y  succes s fu l .  The Upper Banded zone (UBZ) is composed of a  lower 
o l iv ine-bear ing  subzone and an upper subzone of uniform gabbronor i te  showing 
p l a n a r  laminat ion.  Although t h i c k  s e c t i o n s  of t h e  Banded zone a r e  charac te r -  
i z e d  by isomodal l a y e r i n g ,  t h e  occurrence of modally graded l a y e r s ,  inch-sca le  
l a y e r i n g ,  d i s t u r b e d  l aye r ing ,  cross-bedding, cu t - and- f i l l  s t r u c t u r e s ,  and d i s -  
cordant  c o n t a c t s  a t t e s t  t o  t h e  a c t i o n  of c u r r e n t s  dur ing  c r y s t a l l i z a t i o n .  

The primary processes  ope ra t ing  dur ing  t h e  formation of t h e  Banded zone 
were f r a c t i o n a l  c r y s t a l l i z a t i o n ,  m u l t i p l e  i n j e c t i o n s  of f r e s h  magma, magma 
mixing and convect ion and/or  d e n s i t y  c a r r e n t s .  These processes  are in t e rde -  
pendent and each cannot be considered i n  i s o l a t i o n .  F r a c t i o n a l  c r y s t a l l i z a -  
t i o n  was an important ,  even dominant, p rocess  during t h e  formation of t h e  
Lower and Upper Banded zones. I n  gene ra l ,  t he  sequence and propor t ions  of min- 
e r a l s  p r e c i p i t a t e d  and t h e  sys t ema t i c  v a r i a t i o n  of p l a g i o c l a s e  and pyroxene 
compositions i n  t h e s e  zones ( s ee  f i g u r e  1 )  a r e  compatible wi th  those  p red ic t ed  
from phase e q u i l i b r i a .  Superimposed on t h i s  p a t t e r n  a r e  subzones i n  which 
o l i v i n e  reappears  a s  a  cumulus minera l ,  numerous s t r a t i g r a p h i c  i n t e r v a l s  com- 
posed of r e l a t i v e l y  t h i n  a n o r t h o s i t e s ,  and i n t e r v a l s  i n  which t h e  minerals  de- 
v i a t e  s i g n i f i c a n t l y  from c o t e c t i c  propor t ions .  While t h e  bulk  of t h e  LBZ and 
MBZ shows isomodal l a y e r i n g ,  modally graded l a y e r s  a r e  n o t  uncommon. The d a t a  
a r e  s t r o n g l y  sugges t ive  of t h e  accumulation of c r y s t a l s  a t  t h e  bottom of t h e  
magma chamber dur ing  t h e  formation of t h e  LBZ and UBZ. This  does not  necess- 
a r i l y  imply t h a t  p l a g i o c l a s e  s e t t l e d  through t h e  magma; a  more l i k e l y  process  
is  t h e  depos i t i on  of p l a g i o c l a s e  and mafic  minera ls  by d e n s i t y  c u r r e n t s  t h a t  
p e r i o d i c a l l y  swept ac ros s  t h e  f l o o r  of t h e  magma chamber. 

The s t r a t i g r a p h i c  sequence i n  t h e  Middle Banded zone (MBZ) p re sen t s  a  
major problem i n  i n t e r p r e t a t i o n .  P l a g i o c l a s e  comprises %82% (by volume) of 
t h i s  zone. S ince  t h e r e  i s  no known magma wi th  a  composition capable of pro- 
ducing rocks wi th  t h i s  amount of p l a g i o c l a s e ,  we a r e  forced  t o  conclude t h a t  
p l a g i o c l a s e  has been s i g n i f i c a n t l y  enr iched  wi th in  t h e  MBZ. The fol lowing 
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ques t ions  a r i s e :  (1) What i s  t h e  source  of t h e  excess  p l ag ioc l a se?  (2) Why d id  
p l a g i o c l a s e  accumulate a t  an  in te rmedia te  l e v e l  i n  t h e  magma chamber? ( 3 )  What 
mechanisms were r e spons ib l e  f o r  t h e  accumulation of p l ag ioc l a se .  It i s  worth 
not ing  t h a t  t h e  average g r a i n  s i z e  of p l a g i o c l a s e  i n  a n o r t h o s i t e s  is  %2X 
t h a t  i n  t h e  two- and three-phase cumulates,  t h a t  t h e r e  i s  no sys temat ic  s t r a -  
t i g r a p h i c  v a r i a t i o n s  i n  p l ag ioc l a se  compositions w i t h i n  t h e  MBZ, and t h a t  
p l a g i o c l a s e  has a  d e n s i t y  v i r t u a l l y  i d e n t i c a l  t o  t h a t  of t h e  coex i s t i ng  magma. 
On t h e  b a s i s  of t h e s e  observa t ions  it appears  t h a t  p l a g i o c l a s e  i n  t h e  MBZ re- 
mained i n  c o n t a c t  w i t h  t h e  magma f o r  a  longer  t ime than  d i d  p l ag ioc l a se  i n  
o t h e r  u n i t s  and t h e  system w a s  f a i r l y  w e l l  mixed. 

Mass ba lance  c a l c u l a t i o n s  c l e a r l y  p o i n t  t o  t h e  excess  p l a g i o c l a s e  a s  t h a t  
which f a i l e d  t o  accumulate on t h e  f l o o r  of t h e  magma chamber during t h e  c rys-  
t a l l i z a t i o n  of t h e  Ultramafic  zone and t h e  LBZ. It i s  worth no t ing  t h a t  ex- 
periments on c h i l l e d  marginal  gabbro show both  p l a g i o c l a s e  and o l i v i n e  t o  be 
on t h e  l i q u i d u s  a t  1170°C and £0 -10-lo, I n  an  a t tempt  t o  expla in  t h e  d a t a  2- we have developed a model involving c r y s t a l l i z a t i o n  i n  a  p re s su re  g r a d i e n t  
( f i g u r e  2 ) .  It i s  w e l l  known t h a t  p r e s s u r e  w i l l  depress  t h e  temperature of 
c r y s t a l l i z a t i o n  of p l a g i o c l a s e  r e l a t i v e  t o  t h a t  of mafic  phases.  It i s  con- 
ce ivab le  t h a t  a magma wi th  a  composition c l o s e  t o  t h e  o l iv ine -p l ag ioc l a se  co- 
t e c t i c  may be s a t u r a t e d  wi th  p l a g i o c l a s e  nea r  t h e  t o p  of a  Chick magma chamber 
and s a t u r a t e d  wi th  o l i v i n e  and/or pyroxene n e a r  t h e  base. There would be 
l i t t l e  tendency f o r  t h i s  p l a g i o c l a s e  t o  s e t t l e  ( o r  f l o a t )  i n s o f a r  a s  i t s  den- 
s i t y  was e s s e n t i a l l y  t h e  same a s  t h e  mel t .  Furthermore, i t :  is  probable t h a t  
t h e  y i e l d  s t r e n g t h  of t h e  magma was s u f f i c i e n t l y  l a r g e  t o  prevent  d i f f e r e n t i a l  
c r y s t a l l l i q u i d  movement. P l ag ioc l a se  would i n s t e a d  tend t o  "follow" t h e  m e l t  
i f ,  a s  seems l i k e l y ,  t h e  system was convecting. Owing t o  h e a t  l o s s  through 
t h e  f l o o r  and t h e  supe rad iaba t i c  l i q u i d u s  T g rad ien t ,  c r y s t a l l i z a t i o n  (pre- 
sumably of o l i v i n e  and/or  pyroxene) was occurr ing  a t  t h e  base of t h e  in t rus ion .  
It can be  argued t h a t  t h e  b a s a l  po r t ion  of t h e  magma was no t  involved i n  t h e  
gene ra l  p a t t e r n  of convec t ive  c i r c u l a t i o n  because of t h e  i n c r e a s e  i n  d e n s i t y  
produced by t h e  c r y s t a l l i z a t i o n  of dense mafic  minera ls .  The absence of s i z e /  
d e n s i t y  s o r t i n g  and c u r r e n t  s t r u c t u r e s  i n  t h e  u l t r a m a f i c  cumulates is  cons is -  
t e n t  w i th  t h i s  idea .  We v i s u a l i z e  a  s i t u a t i o n  i n  which p l a g i o c l a s e  c r y s t a l l i -  
z a t i o n  w a s  t ak ing  p l a c e  i n  t h e  upper,  convect ing p a r t  of t h e  chamber wh i l e  t h e  
Ul t ramaf ic  zone was forming a t  t h e  base.  P l a g i o c l a s e  c a r r i e d  i n  convection 
c u r r e n t s  might then  be  "deposited" ( segrega ted)  a t  some in te rmedia te  l e v e l  i n  
t h e  magma chamber below which t h e  l i q u i d  was denser  than t h e  p lag ioc lase-  
l i q u i d  suspension whereas t h a t  above was less dense. 

F ig .  2. Schematic c r y s t a l l i z a t i o n  model 
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IF THE STILLWATER COMPLEX 

Figu re  I: STUTLGRAPHIC SECTION 

Btlbbnnor.ito 111: Throughout t h i s  un i fonn subrone, plagioclase. aug i te  and lw -Ca  
pyroxene occur i n  approximately co rec t i c  proport ions. While planar laminat ion i s  
almost always present, t he re  i s  no prefer red mineral o r i en ta t i on  w i t h i n  the plane 
o f  layer ing.  Delow 3765 m orthopyroxene i s  c l e a r l y  a cumulus mineral.  Between 
3965 and 3975 m, orthopyroxene occurs as p o i k i l i t i c  c r ys ta l s  containing abundant 
'fnclusions' o f  s m l l  rounded augites. Above 3975 m, orthopyroxene occurs as 
~ ~ . l i k i l i t l c  c r ys ta l s  conta in ing numerous sets o f  or iented "001" aug i te  exso lu t ion 
101~11ae. These sets  o f  lamellae o u t l i n e  dhnains corresoondino t o  o r i o i n a l  cumulus 
p l g w n i f e  crystals. insofar  as there i s  no s i gn i f i can t~ thang< in  m i n e k l  propor- 
t ions sssocinted w i t h  these t ex tu ra l  changes, we conclude t ha t  lad-Ca pyroxene 
fonned 8s a cu~flulus mineral throughout t h i s  subzone, the p o i k i l i t i c  t ex tu re  being 
21% r e s u l t  o f  postcmulus rec r ys ta l  l i z a t i o n  acchnpanying the invers ion reaction. 

Ollvine-bearing subzone V (OBZ V):  Tile basal nember o f  t h i s  u n i t  i s  a well-banded 
tWCtOl i rQ conta imns var ied a z n t s  o f  plagioclase, normally i n  excess o f  cotec- 
t i c  PmpoPtlons. I:odallv sraded leyer inq.  cross beddinq and cut -and- f i l l  s t ruc-  
tures arc locally pi-ese<t i n d i c o t i n j  s t~vtng cur rent  ac t i on  during the deposit ion 
o f  t h i s  t r o c t o l i  te. 

m r t b s f t e  11: This uniform u n i t  i s  t he  t h i ckes t  anorthosite i n  the Banded zone. 
aug i te  and inver ted p i g fon i t e  make up 10-12% o f  the rocks and dissemi- 

nated su l f ides are  concentrated i n  Wo narrow layers  near the base and top of t h i s  
The avel-age g r a i n  s i ze  o f  p lag ioc lase i s  approximately twice t ha t  o f  plag- 

loc lase i n  two- and three-phase cunulates. 
The l ave r  boundary of t h i s  subzone i s  placed 

The predominant rock types i n  t h i s  400 m 

I K Q ~  gabbro and over ly ing t r o c t o l i t e  i s  sinuous and discordant, i n  cont rast  to the pla- 
nar and conformable contact between t i le  t r o c t o l i t e  and over ly ing anorthosite. 

: The lower contact o f  t h i s  u n i t  i s  placed a t  the f i r s t  appearance 
i t s .  Proport ions o i  augite, low-Ca pyroxene and plagioclase are 

a l t e rna t i ng  pyroxene-rich and p lag ioc lase-r ich  layers w i t h  modally graded layer -  
ing, scour-and-f i l l  and slumping structul'es c o m n  near the top o f  the un i t .  
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Archean s h i e l d  t e r r a i n  i s  cha rac t e r i zed  by a  complex a s s o c i a t i o n  of 
s u p r a c r u s t a l  rocks  and g r a n i t o i d  rocks.  The amount of s u p r a c r u s t a l  m a t e r i a l  
i s  h igh ly  v a r i a b l e ,  ranging  from > 50% w i t h i n  t h e  t y p i c a l  greenstone r eg ions  
of t h e  Canadian, A u s t r a l i a n  and Afr ican  s h i e l d s  t o  <15% i n  t y p i c a l  gne i s s  
t e r r a i n s  such a s  wes tern  Greenland and no r the rn  Labrador. Wherever t h e  gran- 
i to ids-greens tone  con tac t  has  been s t u d i e d  i n  d e t a i l  and on a  r e g i o n a l  s c a l e ,  
it has been found t h a t  t h e  o l d e s t  rocks exposed a r e  h igh ly  metamorphosed 
greenstone o r  r e l a t e d  s u p r a c r u s t a l  remnants. The e a r l i e s t  g r a n i t o i d  rocks  
a r e  g e n e r a l l y  g n e i s s i c  t ona l i t e -g ranod io r i t e  i n t ruded  by a s s o r t e d ,  more 
massive g r a n i t o i d  p lu tons .  

U n t i l  r e c e n t l y ,  t h e  s u r f a c e  s t r u c t u r e  of t h e  g r a n i t o i d  rocks a s s o c i a t e d  
wi th  e x t e n s i v e  masses of greenstone had n o t  been s tud ied  i n  d e t a i l .  One of 
t h e  f i r s t  r e g i o n a l  s t r u c t u r a l  s t u d i e s  was undertaken i n  northwestern Ontar io ,  
and formed p a r t  of t h e  Super ior  Geotraverse P r o j e c t .  The fol lowing summary i s  
l a r g e l y  based on r e s u l t s  of t h a t  p r o j e c t ,  and i t s  re levance  t o  o the r  Archean 
s h i e l d s  i s  unce r t a in .  

Unlike convent iona l  s t r u c t u r a l  s t u d i e s ,  which a i m  t o  unrave l  t h e  tec-  
t o n i c  h i s t o r y  of a  g iven  reg ion  o r  e s t a b l i s h  t h e  sequence of s t r u c t u r a l  
even t s ,  t h e  Super ior  Geotraverse P r o j e c t  was c h i e f l y  concerned wi th  t e c t o n i c  
mechanisms. Thus a n  i n s i g h t  was sought i n t o  deformational  processes  r a t h e r  
than  r e c o n s t r u c t i n g  t h e  d e t a i l e d  s t r u c t u r a l  success ion .  Based on t h i s  i n -  
s i g h t  and e x t e n s i v e  geo log ica l  mapping, t h e  p r i n c i p a l  t e c t o n i c  even t s  could 
neve r the l e s s  be recognized and ar ranged  i n t o  a  s t r u c t u r a l  sequence. 

The fo l lowing  gene ra l  conclus ions  have been reached by s t r u c t u r a l  geolo- 
g i s t s  of t h e  Super ior  Geotraverse group: (1) Two p r i n c i p a l ,  p o s s i b l y  over- 
lapping  p e r i o d s  of t e c t o n i c  deformation can be  d i s t i ngu i shed  i n  t h e  Archean of 
northwestern Ontar io ,  a  pe r iod  of g r a v i t y  t e c t o n i c s  and a  per iod  of horizon- 
tal-motion t e c t o n i c s ;  (2)  l a r g e  d i a p i r s  of f o l i a t e d  t o  g n e i s s i c  t o n a l i t e -  
g r a n o d i o r i t e  w i t h  average  diameters  of 50 km developed dur ing  the  per iod  of 
g r a v i t y  t e c t o n i c s  and a r e  r e spons ib l e  f o r  t h e  gross  s t r u c t u r e  o f ,  and t h e  
major f o l d s  w i t h i n ,  t h e  metavolcanic-metasedimentary masses ("greenstone 
b e l t s " ) ;  ( 3 )  l a t e  massive t o  f o l i a t e d ,  d i o r i t i c  t o  g r a n i t i c  p lu tons  t h a t  vary  
from concordant ,  c r e s c e n t i c  p lu tons  t o  p a r t l y  d i sco rdan t  p lu tons  of v a r i o u s  
shapes and s i z e s  were emplaced i n t o  t h e  d i a p i r s ;  and (4)  t h e  second pe r iod  of 
t e c t o n i c  deformation i s  cha rac t e r i zed  by l a rge - sca l e  d e x t r a l  shear ing  and t h e  
development of major t r a n s c u r r e n t  f a u l t s  under nor thwes ter ly  r e g i o n a l  com- 
p re s s ion .  The s t r i k e - s l i p  motions of t h i s  per iod  o u t l a s t e d  t h e  l a t e  pluton-  
i s m ,  and l e d  t o  t h e  development of  my lon i t i c  zones which c u t  a l l  Archean 
g r a n i t o i d  p lu tons .  

Following Hans Ramberg, t h e  term "g rav i ty  t ec ton ic s "  i s  h e r e i n  r e s t r i c -  
t ed  t o  t h e  format ion  of l a r g e  s t r u c t u r e s  t h a t  r e s u l t s  i n  a  lowering of t h e  
t o t a l  g r a v i t y  p o t e n t i a l  of a  t e c t o n i c  system. Accordingly, t h e  r i s e  of 
evenly spaced,  major g n e i s s  d i a p i r s  and/or  t h e  downwarping of t he  in t e rmed ia t e  
s u p r a c r u s t a l  rocks (greenstone b e l t s )  i s  genuine g r a v i t y  t e c t o n i c s .  

Diapi r i sm i n  t h i s  s h i e l d  a r e a  w i t h  low topographic r e l i e f  was i d e n t i f i e d  
by u t i l i z i n g  t h r e e  l i n e s  of s t r u c t u r a l  evidence,  ( I )  t h e  p a t t e r n  of paleo-  
s t r a i n  w i t h i n  t h e  g n e i s s ,  (11) t h e  shape of t h e  gneiss-greenstone i n t e r f a c e ,  
and (111) t h e  magnitude of bu lk  h o r i z o n t a l  sho r t en ing  ac ros s  i s o l a t e d  supra-  

c r u s t a l  masses (greens tone  b e l t s ) .  
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An important  element of ( I )  i s  h o r i z o n t a l  f l a t t e n i n g  f a b r i c s  i n  t h e  
c r e s t a l  reg ion  of dome s t r u c t u r e s ,  Such h o r i z o n t a l  f a b r i c s  occur  i n  t h e  
c r e s t a l  r eg ion  of d i a p i r s  -- an4 i n  h igh -vkscos f~y  l a y e r s  fo lded  under l a t e r a l  
compression (buclcling). The p o s s i b i i t t y  of buckle f o l d i n g  can be ru l ed  out  
i f  t h e  s t r a i n  f a b r i c  has  been i~ lposed  dur ing  "doming", and i f  t h e  r a t i o  of 
equ iva l en t  v i s c o s i t y  between t h e  g r a n i t o i d  and s u p r a c r u s t a l  rocks  i s  < 50. 
The l a r g e  magnitudes of f l a t t e n i n g  c h a r a c t e r i s t i c  f o r  ova l  lower-order 
d i a p i r s  a r e  compatible w i t h  model d a t a  i f  t h e  lower-order d i a p i r s  a r e  assumed 
t o  emerge from higher-order  d i a p i r i c  r i d g e s .  This  assumption i s  born out  by 
model experiments and t h e  e longa te  shape of t he  n a t u r a l  higher-order  d i a p i r s  
i n  northwestern Ontar io.  

The shape of t h e  gneiss-greenstone i n t e r f a c e  (11) i n  major d i a p i r s  de- 
pend .~  p a r t l y  on t h e  n a t u r e  and geometr ic  p a t t e r n  of h o r i z o n t a l  d e n s i t y  v a r i a -  
t i o n s  i n  t h e  overburden. D i a p i r i c  r i d g e s  are obta ined  i f  t h e  dens i ty  of t h e  
overburden changes a b r u p t l y  a c r o s s  a g iven  h o r i z o n t a l  l i n e .  Nappe-like d ia -  
p i r s  develop i f  t h i s  h o r i z o n t a l  l i n e  is  r e l a t i v e l y  c l o s e  t o  t h e  base of t h e  
overburden, and i f  i t  invo lves  a ha l f - l aye r  whose d e n s i t y  i s  lower than  t h a t  
of t h e  d i a p i r i c  member. I f  t h e  ha l f - l aye r  i s  exposed a t  t h e  e ros ion  l e v e l  of 
n a t u r a l  higher-order  d i a p i r s ,  then  i t  must correspond w i t h  a  nappe-l ike geo- 
metry of t h e  d i a p i r i c  c o n t a c t ,  The Rainy Lake d i a p i r ,  f i r s t  recognized by 
Lawson, i s  a n  example of such an asymmetric d i a p i r .  

The magnitude of  bu lk  h o r i z o n t a l  sho r t en ing  (111) w a s  c rude ly  es t imated  
f o r  t h e  Kakagi Lake r eg ion ,  e a s t  of Lake of t h e  Woods, A t  an  e ros ion  l e v e l  
nea r  t h e  i n f l e c t i o n  l i n e s  of t h e  d i a p i r i c  c o n t a c t ,  t h e  magnitude of bu lk  
h o r i z o n t a l  sho r t en ing  of i n t e r d i a p i r i c  model s y n c l i n e s  i s  25-35% of t h e  mean 
h o r i z o n t a l  b read th  of t h e  ad j acen t  immature d i a p i r s .  The bulk  sho r t en ing  
of t h e  Kakagi Lake greens tone  domain is  about  30%, which sugges t s  t h a t  a l l  of 
t h e  s t r a i n  i n  t h e  s u p r a c r u s t a l  rocks  is  t h e  r e s u l t  of g r a v i t y  t e c t o n i c s .  

Contacts  between g n e i s s i c  t o n a l i t e - g r a n o d i o r i t e  and greenstone show t h a t  
t h e  main t e c t o n i c  deformation involved l i t t l e  i f  any d u c t i l i t y  c o n t r a s t .  
Evidence of l a r g e  d u c t i l i t y  c o n t r a s t s  dur ing  e a r l y  tectonism i s  preserved ,  
such a s  ( i )  d i k e s  of g n e i s s i c  t o n a l i t e - g r a n o d i o r i t e  w i t h i n  greenstone and 
( i i )  angu la r  greens tone  i n c l u s i o n s  i n  g n e i s s i c  t o n a l i t e .  Because the  
g n e i s s o s i t y  w a s  acqui red  dur ing  d i a p i r i s m  and wh i l e  t h e  d u c t i l i t y  c o n t r a s t  
was n e g l i g i b l e ,  t h e  e a r l y  h igh  d u c t i l i t y  c o n t r a s t  was probably a s s o c i a t e d  
w i t h  the  i n t r u s i o n  of t o n a l i t i c  magma. 

The o r i g i n a l  t o n a l i t e - g r a n o d i o r i t e  was e i t h e r  emplaced as d i s c r e t e  tabu- 
l a r  b a t h o l i t h s ,  o r  formed a cont inuous l a y e r  below t h e  ex tens ive  vo lcan ic  
assemblage. A s  shown i n  Ramberg9s experiments ,  t a b u l a r  b a t h o l i t h s  w i l l  spawn 
a t  l e a s t  two g n e i s s  d i a p i r s .  To e s t ima te  t h e  minimum s i z e  of such p o s s i b l e  
b a t h o l i t h s ,  t h e  s i z e  of t h e  f i r s t - o r d e r  d i a p i r s  must be determined. Because 
some of t h e  l a r g e r  e l l i p t i c a l  d i a p i r s  a r e  c o a l e s c e n t ,  they  may be second- 
o r d e r  s t r u c t u r e s  w i t h i n  ex t ens ive  d i a p i r i c  r i d g e s .  A l t e r n a t i v e l y ,  t h e  coa l -  
escence may b e  due t o  mushroom-like expansion of neighbouring mature d i a p i r s .  
We s t u d i e d  t h e  s t r a i n  p a t t e r n  i n  a  coa l e scen t  zone between two gne i s s  d i a p i r s  
whose d iameters  a r e  about  100 km. The n a t u r a l  s t r a i n  f i e l d  i s  incompatible  
w i t h  mushrooming, and i n d i c a t e s  c l e a r l y  t h a t  t he  two e l l i p t i c a l  d i a p i r s  a r e  
second-order s t r u c t u r e s .  Thus t h e  corresponding o r i g i n a l  b a t h o l i t h  would 
have t o  b e  much wider than  200 km, t h e  minimum l e n g t h  of t h e  f i r s t - o r d e r  
d i a p i r i c  r i d g e .  

To d a t e ,  n o t  a  s i n g l e  e a r l y  b a t h o l i t h  has  been de l inea t ed  i n  north-  
wes tern  Ontar io .  Were i t  n o t  f o r  t h e  Quet ico and no r the rn  Engl i sh  River  
sedimentary b e l t s  a s  w e l l  a s  e longa te  greenstone masses l i k e  the  Kenora- 
Savant Lake b e l t  (Ontar io  Geologica l  Map, West C e n t r a l  Shee t ) ,  t h e  d i s t r i b u -  

t i o n  of major e l l i p s o i d a l  d i a p i r s  would be r e l a t i v e l y  uniform. I n  s p i t e  of 
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an east-west  alignment of t h e  major axes  of e l l i p s o i d a l  d i a p i r s ,  such uni- 
form d i s t r i b u t i o n  i s  apparent  on t h e  ad j acen t  Northwest Sheet  of t h e  Ontar io  
Geological  Map. It resembles t h e  prominent s a l t  dome p a t t e r n  of t h e  Gulf 
Coast r eg ion ,  and sugges ts  t h a t  t h e  buoyant t o n a l i t e - g r a n o d i o r i t e  m a t e r i a l  
was confined t o  evenly and c l o s e l y  spaced t a b u l a r  t o  e longate  b a t h o l i t h s ,  o r  
formed a cont inuous l i g h t  l a y e r  below t h e  heavy metavolcanic  cover.  Geo- 
p h y s i c a l  surveys support  such a cont inuous l a y e r ,  which could be due t o  wide- 
spread mel t ing  and/or  t o n a l i t i z a t i o n  of greenstone.  I n  South Af r i ca ,  C a r l  
Anhaeusser has  found compelling evidence f o r  widespread t o n a l i t i z a t i o n  and 
p a r t i a l  me l t i ng  of s u p r a c r u s t a l  rocks  ad j acen t  t o  t h e  Barberton greens tone  
b e l t .  

The average d e n s i t y  of metasedimentary rocks  i n  t h e  Que t i co  b e l t  i s  
c l o s e  t o  t h a t  of g n e i s s i c  t o n a l i t e .  Within t h e  b e l t ,  an  a r r a y  of magmatic 
d i a p i r s  w i t h  d iameters  of < 20 km has  been recognized n o r t h  of Thunder Bay. 
Apparent ly,  t h e  d i a p i r i c  m a t e r i a l  w a s  a c r y s t a l  mush genera ted  by widespread 
mel t ing  a t  depth .  The p r e s e n t  d i a p i r i c  p lu tons  con ta in  l a r g e  f e l d s p a r  mega- 
c r y s t s  whose s t r a i n  f a b r i c  corresponds t o  t h e  deformation p a t t e r n  i n  model 
d i a p i r s .  Small magmatic d i a p i r s  a r e  a l s o  p re sen t  w i t h i n  t h e  ad j acen t  Sheban- 
dowan greens tone  b e l t .  They a r e  probably common w i t h i n  o t h e r  greens tone  
b e l t s  a s  w e l l ,  and may be  coeval  w i t h  t h e  l a r g e  p lu tons  of d i o r i t e - g r a n i t e  
which c u t  t h e  s t r u c t u r a l  p a t t e r n  of t h e  g n e i s s  d i a p i r s .  

The east-west e longa t ion  of most l a r g e  s t r u c t u r e s  which are shown on t h e  
Ontar io  Geological  Map i s  d u e , i n  p a r t , t o  horizontal-motion t e c t o n i c s .  The 
s t r a i n  p a t t e r n  of lower-order g n e i s s  d i a p i r s  i n d i c a t e s  t h a t  t h e i r  e l l i p t i c a l  
shape i s  primary. So a r e  t h e  l i n k s  of t o n a l i t i c  g n e i s s  between some higher-  
o rde r  d i a p i r s  t h a t  r e p r e s e n t  cu lmina t ions  on e a s t e r l y  t r end ing  r i d g e s .  Anal- 
ogous s t r u c t u r e s  have been obta ined  by d i a p i r i c  model l ing under cond i t i ons  of 
c r u s t a l  ex t ens ion  and normal f a u l t i n g  of t h e  uppermost c r u s t .  

Evidence f o r  l a r g e  age d i f f e r e n c e s  between l i t h o l o g i c a l l y  i n sepa rab le  
gne i s se s  i s  accumulat ing,  sugges t ing  similar age d i f f e r e n c e s  between t h e  
(undated)  greenstone enc laves  i n  a given gne i s s  t e r r a i n .  Perhaps we are 
see ing  t h e  n e t  r e s u l t  of c y c l i c  g r a v i t y  t e c t o n i c s  r e s u l t i n g  i n  composite 
g n e i s s  domes and r i d g e s  which have 'exper ienced  spasmodic d i ap i r i sm and have 
i n t e r m i t t e n t l y  born a heavy vo lcan ic  cover .  
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Prologue - h o n g  t h e  t e r r e s t r i a l  p l a n e t s  t h e  moon r e p r e s e n t s  t h e  l e a s t  
complex example of a n  evolved body. The very  s i m p l i c i t y  of t h e  moon's h i s t o r y  
makes i t  a f a c i n a t i n g  o b j e c t  f o r  study. I n  f a c t ,  i n  many cases  i t  i s  p o s s i b l e  
t o  pose a problem and perform a n  experiment on a l i m i t e d  number of samples and 
have some confidence i n  t h e  g e n e r a l i t y  of t h e  observa t ions  from those  few 
samples. The essence  of p e t r o l o g i c  geochemical and i s o t o p i c  s t u d i e s  of t h e  
moon comes from t h e  f a c t  t h a t  t h e  p l a n e t  v i r t u a l l y  l a c k s  any H20 o r  CO2 o r  any 
evidence f o r  t e c t o n i c  processes  o t h e r  t han  those  d r iven  by impact. Chemical 
f r a c t i o n a t i o n  on t h e  moon is  assumed t o  t a k e  p l ace  almost exc lus ive ly  by igne- 
ous processes  ( c r y s t a l  s e t t l i n g  and p a r t i a l  me l t i ng ) .  The l a c k  of water  o r  an  
atmosphere prec ludes  f r a c t i o n a t i o n  by weathering and sedimentat ion.  Also t h e  
l a c k  of water  probably prec ludes  t h e  k inds  of chemical mig ra t ion  o f t e n  r e f e r -  
red  t o  occur i n  t e r r e s t r i a l  metamorphic t e r r a i n s .  Although impact induced 
f r a c t i o n a t i o n  by v o l i t i z a t i o n  has  been suggested it has  no t  been unequivocal ly 
demonstrated t o  o p e r a t e  i n  any e n v i r o m e n t  o t h e r  than  i n  t h e  upper few meters  
of l u n a r  s o i l ,  and is  not  r e l a v e n t  t o  t h e  k i lometer  and l a r g e r  s c a l e  impacts 
which dominate the moon's c r a t e r i n g  r eco rd .  

Regional v a r i a t i o n s  - The luna r  s u r f a c e  c o n s i s t s  of (1) a l i g h t  co lored ,  
heav i ly  c r a t e r e d ,  low d e n s i t y  t e r r a i n  termed t h e  h ighlands  and (2) a da rke r  
smoother, l e s s  c r a t e r e d  t e r r a i n  confined t o  topographic depress ions  and termed 
mare, It i s  i n  t h e  h ighlands  t h a t  we have d i r e c t  evidence ( i . e ,  samples) of 
t h e  e a r l y  l u n a r  c r u s t ,  and i t s  impact b a t t e r e d  d e r i v a t i v e s .  However, t h e  mare 
l i t h o l o g i e s ,  mos t ly  i r o n  r i c h  b a s a l t s ,  p lay  a c r i t i c a l  r o l e  i n  understanding 
t h e  moon's e a r l y  f r a c t i o n a t i o n  s i n c e  they  appear t o  be  p a r t i a l  me l t s  of which 
are chemically complimentary u l t r a m a f i c  cumulates,  t o  t h e  f e l d s p a t h i c  high- 
l ands  rocks,  and i s o t o p i c  evidence sugges t s  t h a t  t h e  source r eg ions  of t h e  
mare b a s a l t s  evolved a t  t h e  same t ime a s  t h e  highlands.  The t a b l e s  summarize 
t h e  compositions of key l u n a r  rock  types.  

Bulk composition of t h e  highlands - Lunar samples s t u d i e s  complimented by 
o r b i t a l  measurements of composition sugges t  t h a t  t h e  highlands composition i s  
t h a t  of an  a n o r t h o s i t i c  n o r i t e  wi th  about 25-28% A1203. Highlands rocks  gen- 
e r a l l y  con ta in  Aneo,97 p l ag ioc l a se ,  low calcium pyroxenes wi th  45% o r  more 
e n s t a t i t e  component, magnesian o l i v i n e ,  subord ina te  magnesian a u g i t e s ,  and i n  
gene ra l ly  decreas ing  o rde r  of abundance minor amounts of Fe-Ti oxides,  s i l i c a  
mine ra l s ,  magnesian s p i n e l s ,  i r o n  r i c h  s p i n e l s  i nc lud ing  chromite,  phosphates,  
t r o i l i t e  and metal.  F igure  1 shows a range  of rock compositions p l o t t e d  on a 
plagioclase-olivine-si l ica l i q u i d u s  diagram. 

The composition of t h e  highlands v a r i e s  l a t e r a l l y  and is  l e s s  aluminous 
and r i c h e r  i n  K,Th and by in fe rence  a l l  LIL elements i n  t h e  c e n t r a l  n e a r s i d e  
h ighlands  sampled by t h e  Apollo mission,  than  i n  t h e  n e a r l y  two km h ighe r  
r eg ion  on t h e  moon's f a r  s ide .  The l i t h o p h i l e - r i c h  n o r i t e  composition r e f e r r e d  
t o  a s  KREEP (Figure 2 and t a b l e s )  i s  no t  a s  abundant on t h e  f a r  s i d e ,  and 
s t u d i e s  of t h e  Sovie t  Luna samples from t h e  moon's e a s t e r n  limb demonstrate  
t h e  gene ra l  l a c k  of such m a t e r i a l s  a t  t h e  su r f ace .  The book by S.R. Taylor  (1) 
provides an  e x c e l l e n t  summary of both t h e  arguments about t h e  bulk composition 
of t h e  luna r  c r u s t  and i t s  r e g i o n a l  v a r i a t i o n s .  Sample evidence f o r  l a t e r a l  
h e t e r o g e n i e t ~  i n  t h e  moon's bulk composition a r e  given by Jovanovic and Reed(2). 

The v e r t i c a l  v a r i a t i o n s  i n  t h e  l u n a r  c r u s t  is  no t  we l l  known; seismic 
evidence shows p rog res s ive  inc rease  i n  v e l o c i t y  wi th  depth t o  about 25 km, 
sugges t ing  decreas ing  e f f e c t s  of impacts. Lunar rock composition and t h e  
p l a n e t s  low g r a v i t y  a r e  n o t  favorable  f o r  geobarometry. The geochemical 
dcenar ios  f o r  t h e  moon t y p i c a l l y  assume a 200-300 km o r  more layered  sequence, 
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w i t h  f e l d s p a t h i c  l i t h o l o g i e s  a t  t h e  top ,  u l t r a  mafic  cumulates a t  t h e  bottom, 
and r e s i d u a l  l i q u i d  concentrated i n  t h e  middle. Three c a t e g o r i e s  of rocks 
were r e tu rned  from t h e  luna r  highlands.  Most (over 90%) sample c o n s i s t  of 
impact b recc i a s  many of which a r e  impact me l t  -rocks formed dur ing  t h e  i n t e n s e  
e a r l y  c r a t e r i n g  h i s t o r y  of t h e  l u n a r  su r f ace .  Modeling of t h e  c r a t e r i n g  
process  by (3) sugges t  t h a t  t h e  average  depth  of e j e c t a  and t h e  average depth 
penet ra ted  by impacts i s  about 2 km with l o c a l  pene t r a t ions  t o  1 5  km o r  more 
i n  t h e  huge bas in  forming events .  The c h a r a c t e r i s t i c s  of t h e  b recc i a s  a r e :  
(1) they  d i sp l ay  c l a s t s  s e t  i n  a f i n e  gra ined  m a t r i x  ( 2 )  t h e  c l a s t s  a r e  
polymict (3) t h e  bu lk  compositions look  l i k e  mixtures  not  v o l c a n i c  composi- 
t i o n s  (4) t h e  c l a s t s  a r e  more r e f r a c t o r y  than  t h e  m a t r i x  when t h e  m a t r i x  i s  
c r y s t a l l i z e d  melt  (5) most of t h e  b recc i a s  y i e l d  ages  between 3.84 and 4.05 
b i l l i o n  yea r s  (6) almost a l l  have more t r a c e  s i d e r o p h i l e  elements ( t y p i c a l l y  
Au over  1 ppb) than  t h e  mare b a s a l t s .  A few samples form a second type  of 
impact b recc i a ,  they  a r e  g r a n u l i t i c  tex tured .  Their  c h a r a c t e r i s t i c s  a r e :  (1) 
t e x t u r e s  a r e  e i t h e r  f ine-grained mosaic o r  medium-grained p o i k i l o b l a s t i c  (2) 
chemical ly appear t o  be a mix tu re  of p lu ton ic  rocks  w i t h  almost no highland 
b a s a l t  ( c a l l e d  KREEP and conta in ing  enr iched  t r a c e  l i t h o p h i l e  elements char- 
a c t e r i z e d  by l igh t -enr iched  r a re -ea r th  elements) (3) impac t i t e s  a s  suggested 
by c l a s t -ma t r ix  s t r u c t u r e ,  r e f r a c t o r y  c l a s t s  and enriched t r a c e  s i d e r o p h i l e  
elements (4) minera l  chemistry sugges t s  d e r i v a t i o n  from a mix tu re  of l una r  
p l u t o n i c  rocks  (5) i s o t o p i c  age  i s  skimpy and appears  t o  be  4.3 - 4.1 AE. Some 
samples from t h e  highlands a r e  p lu ton ic  rocks--many of which a r e  i n t e r p r e t e d  
a s  be ing  cumulates. The c h a r a c t e r i s t i c s  of l una r  p l u t o n i c  rocks  a re :  (1) 
coarse-grained ( r e l a t i v e  t o  o t h e r  l u n a r  samples) - 1 m  t o  s e v e r a l  cm (2) most 
d i s p l a y  crushed and/or  annealed ( g r a n u l i t i c )  t ex tu re s .  Those few o t h e r s  d i s -  
p lay  igneous t e x t u r e s  inc luding  o s c i l l a t o r y  zoning i n  p l ag ioc l a se  and complex 
exso lu t ion  i n  pyroxene (3) some d i s p l a y  i s o t o p i c  ages  near  4.5 AE. Others  
show ages  a s  young a s  3.9 AE and a r e  be l ieved  r e s e t  by m e t e o r i t e  impact events .  
(4) Chemical compositions range  from a n o r t h o s i t i c  through n o r i t e  and t r o c t o l i t e  
t o  d u n i t e  (5) l i t h o p h i l e  t r a c e  elements  a r e  low and un f rac t iona ted  wi th  re- 
spec t  t o  chondr i t e s  (6) t r a c e  s i d e r o p h i l e  elements a r e  low (7) mine ra l  compo- 
s i t i o n s  d e f i n e  s e v e r a l  t r ends ,  a t  ' l e a s t  one of which i s  magmatic. 

Rocks which a r e  t e x t u r a l l y  s i m i l a r  t o  l u n a r  b recc i a s  a r e  found i n  
t e r r e s t r i a l  impact s t r u c t u r e s ,  where it has  been demonstrated t h a t  no chemical 
f r a c t i o n a t i o n  took p l ace  i n  450 km3 me l t  shee t  (4).  The amount of impact melt  
formed i n  a s i n g l e  event  is  a few t imes t h e  m a s s  of t h e  m e t e o r i t e  (5) and a t  
most a few percent  of t h e  volume excavated (6).  Since over 113 of t h e  high- 
l and  rocks a r e  me l t s ,  repea ted  episodes of impact a r e  r equ i r ed  t o  produce t h e  
observed populat ions.  

The mel t  from t h e  c e n t e r  of t h e  impact becomes mixed by t h e  t u r b u l e n t  
motions s e t  up by t h e  impact and i s  much more homogeneous than  t h e  t a r g e t .  A t  
t h e  65 km Manicouagan, Quebec s t r u c t u r e  m a t e r i a l  i n i t i a l l y  separa ted  by k m  is  
mixed i n t o  i n d i v i d u a l  1 gm samples (4).  The w e l l  mixed me l t  con ta ins  f i n e  
c l a s t i c  d e b r i s  from near  t h e  r i m  of t h e  excavat ion.  Since t h i s  f i n e  grained 
d e b r i s  i s  cold,  i t  quenches t h e  mel t  i n  seconds, i n i t i a t i n g  c r y s t a l l i z a t i o n  
and g iv ing  t h e  t y p i c a l  f i n e  gra ined  t e x t u r e  of impact me l t s  ( 7 ) .  

The t r a c e  s i d e r o p h i l e  contamination of most l una r  b r e c c i a s  by m e t e o r i t e  
d e b r i s  i s  accepted by most workers,  and i n  f a c t  low s i d e r o p h i l e s  have become a 
d e f i n i n g  c h a r a c t e r i s t i c  of endogenet ica l ly  produced igneous rocks ,  e.g. t h e  
p x i s t i n e  rocks  of Warren and Wasson (8). A l l  of t h e  rocks  conta in ing  c l a s t s  
set i n  a ma t r ix  s tud ied  by t h i s  au thor  which have been analyzed, do i n  f a c t  
have h igh  s ide roph i l e s .  However, it has  been r e c e n t l y  argued by Delano and 
Ringwood (9) t h a t  t h e  coa r se  gra ined  p lu ton ic  rocks wi th  low s i d e r o p h i l e s  a r e  
impact me l t s  s t r i p p e d  of t h e  s i d e r o p h i l e s  by t h e  f r a c t i o n a l  c r y s t a l l i z a t i o n  
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s f  m e t a l l i c  i r o n  from huge pools  of melt .  Delano and Ringwood f u r t h e r  a rgue  
f o r  a h igher  l e v e l  of l u n a r  r e f r a c t o r y  s i d e r o p h i l e s  than  t h e  Chicago group i n  
p a r t  t o  shore  up t h e i r  argument t h a t  t h e  moon is  der ived  from t h e  e a r t h  by a  
complex v o l a t i l a t i o n - f i s s i o n  mechanism. Anders (9) t akes  except ion t o  t h e i r  
e s t ima te s  f o r  l u n a r  s i d e r o p h i l e s  and argues f o r  a  d i s t i n c t l y  d i f f e r e n t  bu lk  
composition and o r i g i n  f o r  t h e  moon. 

One in fe rence  from t h e  t r a c e  s i d e r o p h i l e  contamination of t h e  b r e c c i a  i s  
t h a t  t h e  p r o j e c t i l e s  which bombarded t h e  moon f o u r  b i l l i o n  yea r s  ago w e r e  
d i f f e r e n t  from those  h i t t i n g  t h e  e a r t h  today (10). 

The d e t a i l s  of t h e  t iming of t h e  l u n a r  bombardment a r e  s i g n i f i c a n t  f o r  
a l l  of t h e  t e r r e s t r i a l  p l a n e t s  s i n c e  as argued by Wethe r i l l  (11) a l l  p l a n e t s  
i n  t h e  inne r  s o l a r  system a r e  bombarded s imultaneously,  i f  no t  n e c e s s a r i l y  t o  
t h e  same i n t e n s i t y .  Thus t h e  c e s s a t i o n  of bombardment about 3.9 AE impl i e s  
t h e  end of major bombardment of a l l  t h e  inne r  p l ane t s .  I f  t h e  g r a n u l i t i c  
impac t i t e s  a r e  cons iderably  o l d e r  t han  t h e  o t h e r  impact b recc i a s  i t  may be  
i n f e r r e d  t h a t  a l l  t h e  i nne r  s o l a r  system was subjec ted  t o  a  pos t -accre t ion  
bombardment p r i o r  t o  i t s  4.05 - 3.85 AE age  c h a r a c t e r i s t i c  of most l u n a r  
impact i tes .  I so tope  sys temat ics  (by Rb-Sr, U-Pb, and Sm-Nd) suggest  chemical 
and i s o t o p i c  evo lu t ion  of t h e  luna r  c r u s t  continued till about 4.4 - 4.2 AE. 
A s m a l l  number of KREEP composition n o r i t e s  (Ages Q3.95 AE) wi th  low t r a c e  
s i d e r o p h i l e s  and a l a c k  of c l a s t s  have been i d e n t i f i e d  t h a t  may a l s o  b e  
der ived  by endogenet ic  igneous processes .  

One focus  of much of t h e  cu r r en t  s t u d i e s  of t h e  highlands i s  i n  r e f i n i n g  
t h e  sequence of events  shown schemat ica l ly  i n  F igure  3. Great i n t e r e s t  e x i s t s  
i n  t h e  n a t u r e  and t iming of t h e  apparent  ignous f r a c t i o n a t i o n  episodes p r i o r  
t o  about  3.9 b i l l i o n  yea r s  ago. The Sr  i s o t o p e  and Nd i s o t o p e  diagrams 
(Figure 4) c l e a r l y  i n d i c a t e  t h a t  t h e  mare b a s a l t s  were no t  der ived from a 
p r i m i t i v e  mantle.  Model dependent ages  spanning t h e  range  from about 4.3 t o  
4.6 b i l l i o n  yea r s  have been proposed f o r  v a r i o u s  a s p e c t s  of t h e  p roces s  (12) ,  
and t h o s e  ages a r e  gene ra l ly  compatible w i t h  both c r y s t a l l i z a t i o n  ages f o r  
some of t h e  p l u t o n i c  rocks  and model dependent ages  f o r  many highland l i t h -  
o logies .  The formation of t h e  dependent ages  f o r  rocks  conta in ing  mrixtures 
of a  KREEP component argue f o r  somewhat more r e c e n t  f r a c t i o n a t i o n  than  t h e  
mare and p l u t o n i c  rocks  (Lugmair and Carlson (13)).  

The phys i ca l  model commonly s i t e d  f o r  t h e  e a r l y  f r a c t i o n a t i o n  i s  a  globe 
e n c i r c l i n g  ocean of magma (1,14). I n  t h a t  ocean mafic  cumulates formed a t  
t h e  bottom and f e l d s p a t h i c  l i t h o l o g i e s  a t  t h e  top.  The mafic  cumulates were 
subsequent ly p a r t i a l l y  melted t o  y i e l d  t h e  mare b a s a l t s .  However, no d i r e c t  
evidence e x i s t s  t h a t  prec ludes  t h e  e x i s t a n c e  of much smal le r  s e t s  of igneous 
i n t r u s i o n s .  
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F e l d p a t h ~ c  
Anorthosi t e  Ouni t e  Troc KREEP KRECP 

SAMPLE (60025) (7241 5) (76535) (15386) jjx 
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Tiq2 % 
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Kz0 % 
p205 % 
S L 

L i  ppnl 
Rb PPm 
Sr PPrn 
Ba ppm 
Sc PPm 
La PPm 
Ce ppm 
Nd PPm 
Sm p?m 
Eu PPm 
Gd ppnt 
Tb mrn 
DY P P ~  -19 .035 
Er PPm .05 .04 
Yb PPm .048 .045 
Lu ppnl .006 .008 
Zr  PPm 3.0 
H f  D D ~  .02 -015 
~h ppm 
U ppnl 
Ir P P ~  
Re P P ~  
Au P P ~  
Co ppln 
Ni pprn 
Sb P P ~  
Ge P P ~  
Se PPb 
Te ppb 
Ag P P ~  
B i  ppb 
Z" PPm 
Cd P P ~  
T1 P P ~  

quar tz  NE= .07 
or thoc lase .18 0 
a l b i t e  4.11 0 
anor th i  t e  93.72 4.09 
diopside 1.30 .90 
hypersthene 2.02 
o l i v i n e  .55 90.28 
i lmcn l  t e  .04 .OG 
apa t i te  .09 
chronti t e  .04 .44 
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Archean rocks i n  t h e  southern  p a r t  of t h e  Canadian Shie ld  compose two 
c r u s t a l  segments of  widely d i f f e r e n t  age  t h a t  l a r g e l y  evolved sepa ra t e ly .  
Greenstone-granite complexes, 2,750-2,650 m.y. o l d ,  which a r e  t y p i c a l  of 
much of t h e  Super ior  s t r u c t u r a l  province,  a r e  bounded on t h e  south  by o l d e r  
migmati t ic  gne isses  and amphibol i te  t h a t  a r e  i n  p a r t  3,500 m.y. o r  more o l d .  
The greenstone-grani te  complexes have been c a l l e d  t h e  greenstone t e r r a n e ;  
t h e  gne iss  and amphibol i te  assemblages have been termed t h e  gne i s s  t e r r a n e  
(Morey and Sims, 1976).  

The greenstone-grani te  complexes c o n s i s t  o f  low grade mafic t o  f e l s i c  
vo lcan ic s  and c l a s t i c  and chemical sedimentary rocks t h a t  a r e  i n t ruded  by 
abundant g r a n i t e - t o n a l i t e .  They were formed during a t ime span of 50 t o  
100 m.y. ad jacent  t o  t h e  pre-ex is t ing  gne i s s  t e r r a n e ,  which 2,700 m.y. ago 
was p a r t  of a s i a l i c  p ro tocon t inen t  of moderate s i z e .  Although accumulation 
of t h e  bedded rocks overlapped onto t h e  o l d e r  gne i s se s  a t  l e a s t  a s h o r t  
d i s t ance ,  t h e r e  i s  no d i r e c t  evidence t h a t  t h e  ma jo r i t y  of t h e s e  rocks  were 
depos i ted  on a s i a l i c  c r u s t .  The environment of depos i t i on  poss ib ly  w a s  
analagous on a smal le r  s c a l e  t o  t h a t  of modern vo lcan ic  a r c s  and back-arc 
bas ins .  The l a t e  Archean greenstone t e r r a n e  probably w a s  welded t o  t h e  
s i a l i c  pro tocont inent  by l a t e  Archean p l u t o n i c  magmatism and t e c t o n i c  
th ickening  of rocks i n  t h e  boundary zone between t h e  two c r u s t a l  segments. 
I n  t h i s  zone, %2,700 m.y. g r a n i t e - t o n a l i t e  w a s  deformed toge the r  wi th  t h e  
bedded rocks i n  l a t e  Archean t i m e ,  and t h e  g n e i s s i c  s t r u c t u r e  t r ends  p a r a l l e l  
t o  t h e  boundary. The greens tone  t e r r a n e  s t a b i l i z e d  t e c t o n i c a l l y  a t  t h e  end 
of  t h e  Archean. 

Compared with t h e  greens tone  t e r r a n e ,  knowledge of t h e  gne i s s  t e r r a n e  
i s  meager because of l i m i t e d  exposures ,  h igh  grade of metanorphism, and 
m u l t i p l e  deformations,  which have seve re ly  d i s tu rbed  i s o t o p i c  systems. 
I n t e n s i v e  s t u d i e s  i n  t h e  Minnesota River Val ley,  summarized by Goldich and 
Wooden (1978), i n d i c a t e  t h a t  t h e  migmat i t ic  gne i s se s  were formed over an 
i n t e r v a l  of  about 500 m.y. (3,500 m.y. - 3,000 m.y.) and c o n s i s t  of rocks 
of bo th  igneous and sedimentary d e r i v a t i o n  t h a t  were fo lded  and metamorphosed 
a t  l e a s t  twice  i n  t h e  Archean and in t ruded  by a major g r a n i t i c  p lu ton  about 
2,600 m.y. o ld .  Subsequently,  ( ~ 1 , 8 0 0  m.y.) t h e  i s o t o p i c  systems were 
d i s tu rbed  by a thermal  event .  The o l d e r  rocks a r e  t o n a l i t i c  and granodi- 
o r i t i c  gne isses ;  t h e  younger rocks a r e  mainly adame l l i t e .  Sca t t e r ed  d a t a  
from nor the rn  Michigan and Wisconsin a r e  c o n s i s t e n t  w i th  t h a t  from t h e  MRV 
b u t  l e s s  comprehensive. A t o n a l i t e  gne i s s  from Watersmeet, Michigan, has  a 
minimum age of 3,400 m.y. and probably i s  much o l d e r  (Peterman and o t h e r s ,  
i n  p r e s s ) .  Data on gne i s se s  from o t h e r  l o c a l i t i e s  i n  nor thern  Michigan and 
Wisconsin, mainly by W .  R. Van Schmus and co l leagues ,  i n d i c a t e  ages of 
%2,800 m.y.; b u t  d a t a  from rocks  i n  some l o c a l i t i e s  i n d i c a t e  a previous 
c r u s t a l  h i s t o r y .  The long h i s t o r y  of events  dur ing  t h e  Archean and subse- 
quent tectonism i n  e a r l y  P ro t e rozo ic  t ime (Sims, 1976) i n d i c a t e s  t h a t  t h e  
gne i s s  t e r r a n e  was mobile,  a t  l e a s t  i n t e r m i t t e n t l y ,  from about 3,500 m.y. 
t o  1,600 m.y., when i t  s t a b i l i z e d  t e c t o n i c a l l y .  

Representa t ive  ana lyses  of rocks of Ear ly  and l a t e  Archean age from 
Michigan and Wisconsin a r e  given i n  t a b l e  t h a t  fo l lows .  The informal ly  
named g r a n i t e  near  Thayer and t h e  gne i s s  near  Morse, Wisconsin, a r e  i n t e r -  
p re t ed  a s  deformed f a c i e s  of t h e  P u r i t a n  Quartz Monzonite, which composes a 
l a r g e  b a t h o l i t h  i n  t h e  greenstone t e r r a n e  (Sims and o t h e r s ,  1977). 
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Table--Representative Analyses 

CaO 
Na2 0 
K20 
H2 0- 
H20+ 

SUM 101 9 9 9 9 100 9 9 100 101 100 

Rb,ppm 184 96.3 51.4 59.2 102 136 119 58.5 
Sr,ppm 194 64.8 304 277 9 4 46.6 180 337 
U, P P ~  1.8 6.8 1.1 0.7 20.5 17.6 7.4 2.8 
Th,ppm 8.7 36.0 21.3 11.5 28.9 67.4 32.4 8.6 

EARLY ARCHEAN: (1) Tonalitic gneiss near Watersmeet (M-45L) 
(2) Sheared facies of tonalitic gneiss near Watersmeet (M-48) 

LATE ARCHEAN: (3) Tonalitic gneiss of granite near Thayer (M-147-1A) 
(4) Tonalitic gneiss near Morse, Wisc. (W-59) 
(5) Granite of granite near Thayer (M-71) 
(6) Leucogranite dike intruding gneiss at Watersmeet (M-45H) 
(7) Puritan Quartz Monzonite (D1729) 
(8) Metagraywacke (M-91) 



IDENTIFICATION AND SIGNIFICANCE OF GEOCHEMICAL DISCONTINUITIES I N  
ARCHEAN VOLCANIC TERRAINS 
Smith, I.E.M., Department of Geology, Un ive r s i t y  of Toronto, 
Toronto, Ontar io ,  Canada M5S 1 A l  

The concept of geochemical d i s c o n t i n u i t i e s  w i t h i n  Archean vo lcan ic  
success ions  provides  a means of i d e n t i f y i n g  and quan t i fy ing  c r i t i c a l  changes 
i n  p e t r o g e n e t i c  processes  dur ing  t h e  development of e a r l y  vo lcan ic  c r u s t .  
Archean v o l c a n i c  t e r r a i n s  a r e  commonly made up of a success ion  of rock  u n i t s  
from s t r a t i g r a p h i c a l l y  lower,  predominantly b a s a l t i c  vo lcan ic  rocks  of 
t h o l e i i t i c  a f f i n i t y  t o  ove r ly ing  in t e rmed ia t e  and f e l s i c  ca l c -a lka l ine  rocks.  
Although t h i s  r e l a t i o n s h i p  cannot always be c l e a r l y  demonstrated, t h e  concept 
of geochemically m o r e p r i m i t i v e v o l c a n i c  rock types  underlying geochemically 
evolved vo lcan ic  rock types  appears  t o  be  v a l i d .  

S t u d i e s  i n  greenstone t e r r a i n s  of t h e  Super ior  Province of t h e  Canadian 
Sh ie ld  show t h a t  t h e  t r a n s i t i o n  from lower t h o l e i i t i c  vo lcan ic s  t o  over- 
l y i n g  ca l c -a lka l ine  vo lcan ic s ,  which occurs  a t  about t h e  mid-thickness i n  
w e l l  developed s u c c e s s i o n s , r e p r e s e n t s  an  important  geochemical d i s c o n t i n u i t y  
c h a r a c t e r i s e d  by t h e  fo l lowing  f e a t u r e s :  
1 )  A s  a s u i t e  t h e  ca l c -a lka l ine  vo lcan ic s  con ta in  h ighe r  SiO than  t h e  

t h o l e i i t e s  
2 

2) A l ,  a l k a l i e s  and some LILE elements have h ighe r  abundances and g r e a t e r  
v a r i a b i l i t y  i n  specimens of t h e  ca l c -a lka l ine  s u i t e  

3) The t h o l e i i t e s  show a g r e a t e r  range i n  Mg-number r e f l e c t i n g  an  i r o n  
enrichment t r end  no t  d i sp layed  by t h e  ca l c -a lka l ine  s u i t e  

4 )  Chondri te  normalised REE abundance p a t t e r n s  i n  t h e  ca l c -a lka l ine  rocks  
show marked l i gh t lheavy  f r a c t i o n a t i o n  (ceN/ybN 3.6 t o  5.6) compared wi th  
t h e  f l a t  p a t t e r n s  observed i n  t h e  t h o l e i i t e  s u i t e .  F u r t h e r , i n  t h e  ca lc -  
a l k a l i n e  s u i t e  t h e r e  i s  a decrease  i n  t o t a l  REE abundance w i t h  i n c r e a s e  i n  
S i02  which is  t h e  r e v e r s e  of t h a t  observed i n  t h e  t h o l e i i t e  s u i t e .  

5) Sc abundances a r e  c h a r a c t e r i s t i c a l l y  lower i n  t he  ca l c -a lka l ine  rocks  
(20-30 ppm) compared wi th  t h e  t h o l e i i t i c  rocks  (30-45 ppm). 

The d i f f e r e n c e s  i n  t h e  REE abundances observed i n  t h e  vo lcan ic  rocks  on 
e i t h e r  s i d e  of t h i s  d i s c o n t i n u i t y  provide  a major c o n s t r a i n t  t o  any pe t ro-  
g e n e t i c  model. Model c a l c u l a t i o n s  assuming a c h o n d r i t i c  mantle  i n d i c a t e  
t h a t  v e r y  sma l l  amounts of mel t ing  (<5%) of a s p i n e l  l h e r z o l i t e  assemblage 
l eav ing  cl inopyroxene i n  t h e  residuum may exp la in  t h e  f r a c t i o n a t e d  p a t t e r n s  
of t h e  ca l c -a lka l ine  rocks  whereas g r e a t e r  degrees of me l t i ng  (10%) and 
subsequent sha l low f r a c t i o n a t i o n  can  e x p l a i n  t h e  p a t t e r n s  observed i n  t h e  
t h o l e i i t e s .  Other geochemical f e a t u r e s  a r e  c o n s i s t e n t  w i t h  t h i s  model. There 
i s  thus  no compelling reason i n  t h i s  c a s e  t o  sugges t  t h a t  c a l c - a l k a l i n e  rocks 
i n d i c a t e  a s i g n i f i c a n t l y  d i f f e r e n t  t e c t o n i c  environment. However a second 
major geochemical d i s c o n t i n u i t y  s e p a r a t i n g  in t e rmed ia t e  from f e l s i c  vo lcan ic  
rocks  toward t h e  top  of some r e l a t i v e l y  w e l l  preserved Super ior  Province 
greens tone  b e l t s  and def ined  by a g r e a t e r  degree of l i gh t lheavy  REE f r a c -  
t i o n a t i o n  r e q u i r e s  t h e  e x i s t e n c e  of a geochemically evolved source.  

A model c o n s i s t e n t  w i t h  observed composi t ional  v a r i a t i o n s  i n  Super ior  
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Province greenstone b e l t s  i s  t h a t  i n i t i a l l y  h igh  degrees  of mel t ing  of 
Archean mantle a r e  followed by succes s ive ly  s m a l l e r  amounts of mel t ing  
and f i n a l l y  by reworking and mel t ing  of t h e  lower p o r t i o n s  of t he  vo lcan ic  
p i l e  a s  they impinge on t h e  mantle P-T regime. From a t e c t o n i c  p o i n t  of 
view t h i s  i s  c l e a r l y  d i f f e r e n t  from a modern oceanic  r i d g e  s i t u a t i o n  i n  
which cont inuous magma product ion  produces spreading .  Rather t he  model 
sugges ts  a f i n i t e  thermal  event  which produces a s e r i e s  of magma types a s  
i t  decays. 
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SIGNIFICANCE OF GRANULITE METAMORPHISM FOR STABILIZATION OF 
PLANETARY CRUST: CHARNOCKITE FORMATION AT KABBALDURGA, S. INDIA: ROLES OF 
C02 AND H20; SPECULATIONS ON VENUS AND MARS; J. V .  Smith and R.  C.  Newton, 
Dept. of t h e  Geophysical Sciences, Universi ty of Chicago, Chicago, Ill. 60637; 
A. S. Janardhan, Dept. of Geology, Mysore Universi ty,  Mysore, India .  

S t a b i l i z a t i o n  of the  Ear th ' s  c r u s t  i s  enhanced by l o s s  of v o l a t i l e s ,  
thereby providing g rea te r  r e s i s t a n c e  t o  melting and deformation. W e  descr ibe  
( i )  conversion of amphiboli t ic  gneiss t o  charnockite a t  Kabbaldurga, ( i i )  
formation of g r a n u l i t e  rocks by C02-rich so lu t ions  escaping from Archaean 
b a s a l t i c  magmas, and ( i i i )  specula t ions  on c r u s t a l  metamorphism i n  the  inner  
p lane t s .  
Charnockite formation a t  Kabbaldurga (1) .  The development of the  abundant 
s u i t e  of charnockite rocks ( i . e .  dark, green-to-brown, orthopyroxene-bearing 
g ran i to ids )  i n  Precambrian t e r r a i n s  is  fundamental t o  evolut ion of the  c r u s t .  
Charnockite apparently der ives  from both igneous and sedimentary rocks (2) by 
metamorphism, i n  which associa ted  pore f l u i d s  a r e  low i n  H20 because t h e  
assoc ia ted  opx-K-feldspar i s  l imi ted  t o  P(H20)<700b, being replaced by e i t h e r  
b io t i t e -quar tz  o r  melting a t  higher P(H20). Primary C02-rich inclus ions  a r e  
c h a r a c t e r i s t i c  of g r a n u l i t e  (3) and charnockite (4) ,  and C02 probably d i l u t e s  
the  H20. 

The Kabbaldurga quarry w i l l  become c l a s s i c  f o r  p a r t i a l  conversion of 
Archaean amphiboli t ic  gneiss  (-2700my) t o  charnockite. Diffuse patches and 
s t r i n g e r s  of charnockite o b l i t e r a t e  the  gne i s s ic  f o l i a t i o n ,  and t h e i r  
t e x t u r a l  pos i t ions  s t rongly  suggest l o c a l  ac t ion  of v o l a t i l e s  whose access  i s  
con t ro l l ed  by deformation. Rock analyses show l i t t l e  chemical change except 
f o r  H20,C02 and perhaps K(5). The Kabbaldurga occurrence is  one of many i n  
S. Karnataka. These l i e  i n  the  northern f r i n g e  of development of charnockite 
massifs  i n  the  south (6), and provide a key t o  t h e  wholesale conversion of 
con t inen ta l  c r u s t  t o  g ranu l i t e .  

Opt ica l  petrography and e lec t ron  microprobe analyses show t h a t  increasing 
a l t e r a t i o n  of a c i d  gneisses causes green-brown d i sco lo ra t ion  of t h e  fe ldspars ,  
u l t imate  l o s s  of hornblende and b i o t i t e  with growth of orthopyroxene. Basic 
inc lus ions  (probably r e l i c s  of b a s a l t i c  dykes) transform v i a  symplecti tes  t o  
equigranular  diopside-hornblende p lag ioc lase  rocks. The ubiquitous green 
veins which l a c e  t h e  fe ldspar  cons i s t  of Fe-rich, Al-poor c h l o r i t e  (Si0233 
A1203 11 t o t a l  Fe a s  FeO 32.2 MnO 0.2 MgO 11.6 CaO 0.4 wt.%) and Mn-bearing 
c a l c i t e  (e.g. 4.8% MnO). These veins  account f o r  the greenish co lo r  of t h e  
fe ldspars ,  and represent  t e x t u r a l l y  the  waning phase of metamorphism. 

W e  conclude t h a t  ( i )  the g r a n u l i t e  metamorphism involved loca l i zed  
a c t i o n  of v o l a t i l e s  low i n  H20 (because of absence of melt ing),  and by 
impl ica t ion r i c h  i n  C02, with no major change of P and T, ( i i )  charnocki t iza t ion 
occurred a t  high l e v e l ,  probably a t  P = 3 t o  5kb, ( i i i )  t h e  waning phases of 
metamorphism w e r e  character ized by cooler  so lu t ions ,  r i c h e r  i n  H20, which 
were confined t o  loca l i zed  channels and which deposited c h l o r i t e  and Mn- 
c a l c i t e .  

Thus we envisage copious streaming of C02-bearing so lu t ions  along 
pathways generated by b r i t t l e  deformation, and go on t o  consider how 
g r a n u l i t e s  may be formed by ac t ion  of C02-rich so lu t ions  ascending through 
the  c r u s t  during Archaean t i m e .  
Formation of g r a n u l i t e  rocks. Key aspects  of the  pos tula ted  charnockit izat ion 
of t h e  Archaean c r u s t  include ( i )  the  source and vector  of t h e  carbonic 
so lu t ions ,  and ( i i )  the  poss ib le  P-T regime which would avoid melting o r  
capture of C02 i n t o  scapo l i t e .  

Decarbonization of the mantle i s  the  most l i k e l y  source, but  f r e e  C02 
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cannot c o e x i s t  w i t h  p e r i d o t i t e  under any b u t  extreme geothermal cond i t i ons ,  
as i n  a r i s i n g  plume, because of t h e  h igh  thermal  s t a b i l i t y  of mantle  
carbonates  (7 ) .  B a s a l t i c  magma would be genera ted  i n  such a n  upwelling, and 
t h e r e  should be  i n s u f f i c i e n t  carbonate  t o  s a t u r a t e  t h e  magma wi th  C02 
(8,p.119), so  t h a t  b a s a l t  emplaced copious ly  i n t o  t h e  lowermost c r u s t  i s  t h e  
l i k e l y  C02 v e c t o r  (9,p.248).  During c r y s t a l l i z a t i o n ,  nea r ly  pure C02 is  
emi t ted  wh i l e  H20 i s  r e t a i n e d  q u a n t i t a t i v e l y  i n  t h e  rest-magma a t  deep 
c r u s t a l  p re s su re s  (8) .  The congealed b a s a l t  is  a massive a d d i t i o n  t o  t he  
c o n t i n e n t a l  base ,  and, as geotherms s t eepen  over  t h e  r i s i n g  plume, p a r t i a l  
remel t ing  provides  t h e  voluminous t o n a l i t e  magmas which r i s e  t o  g ive  higher-  
l e v e l  Archaean t e r r a n e s  (10) .  Widespread g r a n u l i t e  metamorphism and 
d e p l e t i o n  of LIL-elements a r e  contemporaneous (11) .  

F ig .  1 shows how C02 could be  suppl ied  by c r y s t a l l i z i n g  b a s a l t  a t  t h e  
base  of t h e  c o n t i n e n t a l  c r u s t  w i th  t h e  Archaean geotherm l y i n g  between 
moderate (12) and extreme (13) limits s t i l l  under controversy.  The p o s s i b l e  
t h i ckness  of t h e  c r u s t  i s  l i m i t e d  by t h e  dry b a s a l t  s o l i d u s  t o  15-"40km. 
The passage of f r e e  C 0 2  through a deep c r u s t ,  e i t h e r  of b a s i c  o r  i n t e rmed ia t e  
composition, i s  cons t r a ined  by two curves f o r  t h e  s t a b i l i t y  of orthopyroxene 
& s c a p o l i t e  [of composition e s s e n t i a l l y  3 l a b r a d o r i t e  + C ~ ( C O ~ , S O ~ ) ]  r e l a t i v e  
t o  p l a g i o c l a s e ,  d iops ide  + qua r t z  + C02. The two curves ,  l abe l ed  AN90 and 
AN50, r e s p e c t i v e l y ,  were cons t ruc ted  from experimental  (14) and thermodynamic 
(15) da t a .  Streaming of C02 could have produced in t e rmed ia t e  ( t o n a l i t i c )  
s c a p o l i t e - f r e e  g r a n u l i t e s  t o  w i t h i n  about  12km of t he  s u r f a c e  under a very  
s t e e p  geotherm, and t o  even h ighe r  l e v e l s  i n  a c i d  rocks  wi th  more s o d i c  
p l ag ioc l a se .  Charnocki t iza t ion  of t h e  Kabbaldurga a c i d  gne isses  a t  "600°C 
and 3-5kb would r e q u i r e  only  moderately s t e e p  geotherms. A t  depths less than  
s e v e r a l  km on Ear th ,  t h e  process  might n o t  o p e r a t e  because of low 
temperatures  (<500°C) and r e a d i l y  a c c e s s i b l e  H20 t o  d i l u t e  t h e  CO 2 ' ............................. 
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... . . . .  . . t o  t h e  assemblage p l a g i o c l a s e  
(An90 o r  An50) + d iops ide  + qua r t z  + ~ 0 2  'p rovide  l i m i t s  t o  C02 migrat ion.  
Under h igh  geothermal g r a d i e n t s ,  C02 moves f r e e l y  i n  t h e  lower and middle 
c r u s t .  Under moderate g rad ien t s ,  C02 i s  absorbed i n  t h e  deep c r u s t  t o  form 
s c a p o l i t e  i n  b a s i c  rocks  b u t  may e f f e c t  charnocki te  formation i n  i n t e rmed ia t e  
and a c i d  rocks  a t  mid-crustal  l e v e l s .  
&----------------------------------------------------------------------------- 

Specula t ions  on Mars and Venus. F ig .  2 summarizes p e r t i n e n t  phase e q u i l i b r i a  
and model pressure- temperature curves f o r  Mars and Venus. For Mars, amphibole 
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AN50 + DlOP + QTZ+ C02 
-4 OPX + SCAP 

AN90+ DIOP+QTZ+CO, 
-+ OPx+ SCAP 

FO+OPX+CPX+ DO-L 

Fig .  2.  Cont ro ls  on s t o r a g e  of C02 and H20 i n  Venus and Mars. A l l  curves  
from (16),  except  AA, BB from Fig.  1. Dotted and dashed l i n e s  are es t imated  
pressure- temperature curves f o r  Mars and Venus. General ized s t a b i l i t y  
curves  f o r  ph logopi te  mica and amphibole are compared w i t h  t h e  s o l i d u s  f o r  
B20-saturated p e r i d o t i t e .  Heavy l i n e s  show s t a b i l i t y  i n  presence  of C02. ............................................................................. 
and mica would become uns t ab le  a t  G and H (23 and 29kb) f o r  t h e  dep ic t ed  P-T 
curve i n  p e r i d o t i t e  w i t h  t h e  same Fe/Mg r a t i o  as Ear th .  I f  Mars i s  r i c h e r  i n  
~ e ~ +  than  Ear th ,  t h e s e  depths  are reduced. Storage of C02 i n  s o l i d  carbonate  
should cease  a t  I (33kb) ,  b u t  t rapped  C02-rich magma could e x i s t  below I t o  
g ive  a low-velocity zone. 

For  Venus, we p r e f e r  t o  use t h e  h ighe r  of t h e  P,T curves,  which is  based 
on analogy wi th  a n  oceanic  geotherm r i s i n g  from 470°C a t  t h e  s u r f a c e ,  and 
indeed e a r l i e r  PT curves  should b e  h o t t e r .  For t h e  p r e s e n t  curve ,  C02 would 
be  l i b e r a t e d  a t  a l l  depths  above F, and t h e  r e l e a s e d  C02 would f l u s h  o u t  Hz0 
from ove r ly ing  rock by analogy w i t h  Kabbaldurga charnocki te .  S c a p o l i t e  i s  
r e s t r i c t e d  t o  a shal low l a y e r  above J f o r  b a s i c  rocks ,  and cannot  occur  i n  a n  
a n d e s i t i c  c r u s t .  This  i s  c o n s i s t e n t  w i th  the  CO2-rich atmosphere. A t h i ckness  
of (say)  lOkm b a s a l t  w i t h  (say)  5% s c a p o l i t e  (-5 w t . %  C02) corresponds t o o n l y  
-25m of l imes tone ,  which is  much less than  t h e  amount i n  t h e  Ear th ,  and much 
l e s s  than  t h e  C02-equivalent i n  t h e  Venus atmosphere. Can v o l a t i l e s  be 
r e tu rned  by subduct ion? No obvious mechanism is a v a i l a b l e  f o r  H20, and t h e  
i m p l i c a t i o n  i s  t h a t  Venus i s  e s s e n t i a l l y  dry.  Thus any p r imord ia l  water  must 
have l o s t  i t s  H through t h e  atmosphere. For C02, subduct ion is  p o s s i b l e  f o r  
s capo l i t e -bea r ing  b a s a l t ,  b u t  may b e  l e s s  e f f i c i e n t  than  subduct ion of 
l imes tone  on Earth.  I n  gene ra l ,  t h e  Venus c r u s t  should show t h e  g r e a t e s t  
development of g r a n u l i t e  f o r  any p l a n e t .  
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We have r e c e n t l y  had the  oppor tuni ty  t o  sound t h e  c r u s t  of a second 
p l ane ta ry  o b j e c t  u s ing  e lec t romagnet ic  methods. It i s  remarkable t h a t  t h e r e  
a r e  such extreme d i f f e r e n c e s  i n  t h e  e l e c t r i c a l  p r o p e r t i e s  between t h e  moon 
and t h e  e a r t h .  This  i s  l a r g e l y  because t h e  moon con ta ins  no water  whatsoever 
and water  has  a l a r g e  e f f e c t  on t h e  e l e c t r i c a l  p r o p e r t i e s ,  causing t h e  e l ec -  
t r i c a l  conduc t iv i ty ,  f o r  example t o  vary  by 17  o r  18  o r d e r s  of magnitude. I n  
t h e  luna r  c a s e  we may summarize t h e  e l e c t r i c a l  p r o p e r t i e s  a s  fol lows:  0 - a 
few cm -- powdered, e l c t r i c a l l y  t r a n s p a r e n t ,  r a d a r  g ives  a d i e l e c t r i c  cons t an t  
of 2.8; a few cm - 20 meters  -- a t  t h e  Apollo 17 landing  s i t e  t h e  r e g o l i t h  
i nc reases  i n  d e n s i t y  b u t  appears  t o  be l a r g e l y  s o i l  l i k e  t o  a depth of 20 m 
wi th  a d i e l e c t r i c  cons t an t  of 3.0-3.2; 20 meters  - 100 meters  -- t h e  d i e l ec -  
t r i c  cons t an t  rises s h a r p l y  t o  about 7.0, sugges t ing  t h a t  t h e  bulk  of t h e  
m a t e r i a l  i s  rock a l though i t  may be h i g h l y  f r a c t u r e d  o r  i n  t h e  form of bould- 
e r s ;  100 meters  - 50 k i lometers  -- t h e  t o p  few 100 ' s  of meters  may con ta in  
some e l e c t r i c a l  r e f l e c t o r s  due t o  s t r a t i g r a p h i c  l a y e r s  a s  revea led  by t h e  
sounder experiment,  bu t  a s  i nd ica t ed  by a l l  experiments t h e  e l e c t r i c a l  resis- 
t i v i t y  i s  s t i l l  v e r y  high.  The s u r f a c e  l a y e r s  a r e  t h e r e f o r e  water  f r e e  and 
cool ;  50 k i lome te r s  - 1000 k i lometers  -- from g loba l  sounding experiments 
t h e  r e s i s t i v i t y  i s  s e e n  t o  drop sha rp ly ,  probably a consequence of i n c r e a s i n g  
temperature.  The apparent  temperature i n f e r r e d  depends upon t h e  composition 
of t h e  m a t e r i a l  and we cannot make d e f i n i t e  s ta tements ;  1000 k i lometers  - 
1740 k i lome te r s  -- t h e  e l e c t r i c a l  r e s i s t i v i t y  appears  t o  reset aga in  perhaps 
j u s t  due t o  f u r t h e r  i nc reas ing  temperature.  

The e l e c t r i c a l  s t r u c t u r e  of t h e  moon is  q u i t e  s t r a igh t fo rward ,  a s imple  
drop i n  r e s i s t i v i t y  w i t h  depth a s  temperature i n c r e a s e s  and no e f f e c t  of water. 

I n  t h e  e a r t h ,  t h e  s i t u a t i o n  i s  q u i t e  d i f f e r e n t .  I n  sedimentary b a s i n s  
t h e  r e s i s t i v i t y  of s h a l e s  and o t h e r  f l u i d  f i l l e d  sediments i s  very  low. Large 
p a r t s  of t h e  s h i e l d  are covered wi th  g l a c i a l  l a k e  c l a y s  and aga in  t h e  s u r f a c e  
r e s i s t i v i t y  i s  l o c a l l y  ve ry  low. I n  t r o p i c a l  laterites t h e  r e s i s t i v i t y  i s  
a l s o  low, s o  t h a t  t o  s tudy  t h e  c r u s t a l  e l e c t r i c a l  p r o p e r t i e s  one must choose 
t h e  l o c a t i o n  c a r e f u l l y .  I n  r e c e n t  yea r s  a number of l a r g e  s c a l e  r e s i s t i v i t y  
soundings have been done by o t h e r s  and we have done a l a r g e  number of mag- 
n e t o t e l l u r i c  soundings i n  Precambrian c r u s t a l  reg ions .  Where t h e  s u r f a c e  has  
been g l a c i a t e d  and where t h e r e  i s  very  l i t t l e  c l a y  p r e s e n t , i t  i s  p o s s i b l e  t o  
sound t h e  c r u s t  t o  depths  of 20-30 k i lome te r s  even a t  f requencies  of  1-10 hz. 
I n  a gene ra l  way t h e r e  i s  a t h i n  near  s u r f a c e  l a y e r  w i t h  a r e s i s t i v i t y  of a 
few 100 ohm-m. This  r i s e s  r a p i d l y  t o  v e r y  h igh  r e s i s t i v i t y  va lues ,  occasion- 
a l l y  approaching a s  much a s  100,000 ohm-m. This  hor izon  must con ta in  ve ry  
l i t t l e  mois ture  and i s  h igh ly  t r a n s p a r e n t  t o  e lec t romagnet ic  energy. These 
rocks a r e  f r a c t u r e  f r e e .  A t  depths of 10  - 20 k i lome te r s ,  t h e  r e s i s t i v i t y  
drops very  sha rp ly  and then  r i s e s  aga in  w i t h  depth.  From very low frequency 
soundings ( i . e .  pe r iods  of hours)  t h e  r e s i s t i v i t y  i s  then  observed t o  drop 
again.  It appears  t h a t  t h e r e  i s  low e l e c t r i c a l  r e s i s t i v i t y  a t  depths  of 50 - 
100 k i lome te r s  presumably due t o  temperature i nc reases  a s  i n  t h e  l u n a r  case .  
We a r e  l e f t  w i t h  t r y i n g  t o  e x p l a i n  t h e  presence of a low r e s i s t i v i t y  l a y e r  
which i s  q u i t e  widespread at a depth of 10-20 k i lometers .  Could t h i s  b e  due 
t o  t h e  presence  of t i n y  amounts of t rapped  f l u i d s  and could it be  r e l a t e d  t o  
t h e  low v e l o c i t y  zone now rep ro ted  so  commonly by se i smologis t s  even i n  t h e  
Canadian S h i e l d ?  
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I n t r o d u c t i o n  

Water might  be the  most important  chemical c o n s t i t u e n t  i n  a  p lanet  I s  mantle 
and c r u s t  i n  determin ing each p l a n e t ' s  t e c t o n i c  development. Th is  i s  because 
a  small d i f f e r e n c e  i n  water content  r e s u l t s  i n  a  l a r g e  d i f f e r e n c e  i n  phys ica l  
p rope r t i es .  No o the r  chemical c o n s t i t u e n t  r e s u l t s  i n  such bas ic  changes i n  
phys ica l  p rope r t i es .  For example, t h e  d i f f e r e n c e  between zero water (as i s  t h e  
case f o r  t he  Moon) and 1% water (as might  be the  case f o r  Ear th )  i s  equ iva len t  
t o  a  d i f f e r e n c e  o f  200°C t o  6 0 0 ' ~  i n  t he  temperature o f  t he  s t a r t  o f  me1 t i n g .  
This  d i f f e r e n c e  i n  m e l t i n g  temperature i s  r e f l e c t e d  i n  many o t h e r  p rope r t i es  
such as d i f f e rences  i n  v i s c o s i t y  a t  t he  same temperatures and pressures. 

These statements concerning water a r e  made w i t h  f u l l  understanding o f  t he  
e f f e c t s  o f  o the r  chemical components on t h e  bu l k  p r o p e r t i e s  o f  p lanets .  
Parameters such as t h e  me ta1 :s i l i ca te  r a t i o  dominates the  b u l k  dens i ty  of 
a  p lanet .  But t he  metal forms a  p lane ta ry  core and does n o t  have a  s t rong 
e f f e c t  on the  subsequent development o f  t h e  mantle and c r u s t .  The content  
o f  K, U, and Th have a  c o n t r o l l i n g  i n f l u e n c e  on t h e  i n t e r n a l  heat budget o f  
a  p lane t .  However, a  f a c t o r  of  2 i n  t h e  bu l k  abundance o f  rad io iso topes has 
a  s u r p r i s i n g  small e f f e c t  on a  p l a n e t ' s  thermal h i s t o r y .  Th i s  p o i n t  i s ,  
ill u s t r a t e d  by t h e  var ious  thermal models ca l cu la ted  by Hubbard and Minear 
(1 976) f o r  t he  Moon. 

The Role o f  Water 

The major e f f e c t  o f  one percent  water i n  a  p l a n e t ' s  mantle i s  reduc t i on  o f  
t h e  temperature a t  which i n c i p i e n t  me1 t i n g  occurs by 200°C t o  600°C, w i t h  a  
consequent dramatic e f f e c t  on the  mant le 's  v i s c o s i t y .  The r e s u l t  i s  t h a t  a  
hydrous p l a n e t  w i l l ,  throughout i t s  h i s t o r y ,  have more ex tens ive  regions where 
m e l t  i s  present  and where convect ion i s  happening. These statements a re  
r e l a t i v e  t o  an anhydrous p lane t .  These e f f e c t s  a re  p a r t l y  i l l u s t r a t e d  i n  
F igure  1  where the  resu l  t s  o f  simp1 e  (non-convecti ng ) thermal model 
c a l c u l a t i o n s  a r e  presented as an a i d  t o  understand t h e  p r i n c i p l e .  The F igu re  
shows the  presence o f  zones where m e l t  i s  present  f o r  a  Moon-sized p lane t  as 
a  f u n c t i o n  of t ime f o r  t h e  cases o f  an anhydrous ( d r y )  and hydrous (wet) p lanet .  
Johnston e t  a l e  (1974) considered the  e f f e c t  o f  water on the  development of  
Mars and reached compati b l  e  concl usions. 

These c a l c u l a t i o n s  a re  n o t  in tended t o  model t he  Moon o r  any o the r  p lanet .  
They s imply ill u s t r a t e  the  dramatic e f f e c t  t h a t  one percent  water can have on 
t h e  development and h i s t o r y  o f  a  p lane t .  

Another way o f  l ook ing  a t  t h e  r o l e  o f  water i s  how i t  e f f e c t s  the  th ickness  
o f  t h e  l i t hosphere  as a  f u n c t i o n  of  t ime. A t  any t ime  i n  the  development o f  
two s i m i l a r  p lanets,  except one i s  hydrous and one i s  anhydrous, t he  anhydrous 
p lane t  w i l l  have a  t h i c k e r  l i t h o s p h e r e  than t h e  hydrous p lane t .  L i t hospher i c  
th ickness  i s  a  pr ime parameter i n  c o n t r o l l i n g  the  t e c t o n i c s  t h a t  i s  poss ib le  on 
a  p l a n e t ' s  surface. I f  the  l i thosphere  i s  t h i n ,  i t  i s  poss ib le  t o  break i n t o  
p l a t e s  o r  some o the r  type of s t r u c t u r e .  The broken p a r t s  o f  t he  l i t hosphere  
a r e  then capable of  t r a n s m i t t i n g  l a t e r a l  and v e r t i c a l  s t resses.  I f  the  
l i t h o s p h e r e  i s  somewhat t h i c k e r ,  i t  w i l l  n o t  break i n t o  p l a t e - l i k e  pa r t s .  
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Only vertical  s t resses  will be transmitted. Finally, i f  the lithosphere i s  
very thick, neither la te ra l  or  vertical  s t resses  will be transmitted. Kaula 
(1975), Solomon and Chai ken (1976), and Warner and Morrison (1978) have written 
about t h i s  dependence of tectonic s ty les  on lithospheric thickness and 
referred to  the f i r s t  s ty l e  as active tectonics,  the second s ty le  as volcanic 
tectonics,  and the final s ty le  as quiescence. 

Does the presence of water in a planet e f fec t  the composition of the 
buoyant crust  that  forms on top of a planet-wide magma ocean? The Moon's 
crust  i s  anorthosit ic because plagioclase i s  the only mineral that  can 
crys ta l l ize  from the magma ocean in abundance and has a density that  i s  low 
enough so that  i t  can f loa t .  B u t  in a planet tha t  i s  hydrous, the density 
of the magma ocean will be lower and i t  will be more d i f f i c u l t ,  perhaps 
impossible, for  plagioclase to f loa t .  Is the tona l i te  i n  the Earth's c rus t  
a hydrous planet 's  equivalent to the anorthosit ic material in the crust  of 
an anhydrous object l i ke  the Moon? What i s  the nature of the petrologic 
response to  the lower density of a hydrous magma ocean? What i s  the nature 
of the fractionation that  allows tonal i te  rather than anorthosite to  be the 
ear ly,  buoyant crust  of a planet? 

There are  several l ines  of observation and theory that  suggest that  the 
several planets each have a d is t inc t ive  and different  abundance of water. 

Condensation From the Sol a r  Nebula 

Models for the thermodynamic condensation of dust from a nebula of solar 
composition, and the subsequent collection of those dust grains into planets, 
indicate tha t  there should be a systematic difference in water content among 
the planets. The assemblage of minerals in the dust a t  any place in the 
nebula i s  a function of the temperature in tha t  region of the nebula. The 
lower the temperature, the more vola t i le  elements should be present in the 
dust: a t  high temperatures the dust will consist of anhydrous, refractory 
oxides; a t  moderate temperatures the dust will consist  of anhydrous s i l i ca t e s ;  
a t  low temperatures the dust will consist  of hydrous s i l i ca t e s  and other 
volatile-containing minerals; and a t  very low temperatures the ddst wi 11 
consist of ices of H20, C02, NH3, and CH4. 

Temperature within the solar  nebula decreases as distance from the sun 
increases. Since a planet i s  believed t o  accrete from dust in i t s  vicini ty ,  
the position of the various planets should be an indication of each planet 's  
content of vola t i le  elements. Specifically,  those planets near the sun should 
contain l e s s  water and other volat i les  than the planets far ther  from the sun. 
There should be an increase in the abundance of water from Mercury to  Venus 
to  Earth to  Mars. The Moon,which i s  completely anhydrous, represents a 
complication to t h i s  simple scheme. 

Direct Observation 

By d i rec t  observation, we know tha t  Earth's atmosphere and 1 ithosphere 
contain water, and that  the lithosphere of the Moon i s  anhydrous. Note tha t  
the water molecules in the rusty spots on some Apollo 16 rocks have been 
demonstrated to  be of t e r r e s t r i a l  o r ig in .  
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The atmospheres (p lus  hydrospheres) o f  the  t e r r e s t r i a l  p lanets  conta in  
d i s t i n c t i v e  amounts o f  water. Expressed as atmospneres o f  water these values 
are  : 

Venus - -1  t o  .4 atmospheres water 
Ear th - 300 atmospheres water 
Mars - .007 atmospheres water p lus  water i n  t h e  

p o l a r  caps and w i t h i n  the  reg01 i t h  

Hypothesis 

Arguments, based on spacecra f t  observat ions o f  Venus, have been constructed 
t h a t  suggest t h a t  Venus conta ins  l e s s  water than Earth.  I n  fac t ,  t he  arguments 
suggest t h a t  the  mantle of Venus i s  anhydrous. Other arguments, based on 
spacecraf t  observat ions of Mars, have been constructed t o  show t h a t  Mars conta ins 
greater  abundances o f  water than does Earth. These arguments are  summarized 
be1 ow. 

Water i n  t he  Earth 

We r e a l l y  do n o t  know how much water i s  conta ined i n  t h e  Ear th ' s  mantle. 
Various probes i n t o  the  Ear th ' s  mantle y i e l d  c o n f l i c t i n g  data. Granu l i t e  
i nc lus ions  i n  b a s a l t  and kimberl  i t e  pipes are  anhydrous, bu t  kimberl  i tes  and 
basa l t s  themselves con ta in  water. I f  t h e  Ear th ' s  mantle conta ins 1% water, 
than the  e n t i r e  mantle would con ta in  the  water equ iva len t  o f  20 oceans. 
Although we know the  r a t e  a t  which the  Earth i s  degassing today, we do n o t  
know the  r a t e  t h a t  t he  Earth degassed i n  t h e  past .  We cannot answer t h e  
quest ion "How degassed i s  t he  Earth?".  

Water i n  Venus 

Based on the  s i m i l a r  dens i t y  o f  Ear th and Venus, t he  s i m i l a r  K/U r a t i o  o f  
Ear th and Venus (Surkov, 1977), and p re l im ina ry  data on t h e  argon i s o t o p i c  
abundances as determined by Pioneer Venus and Venera 11 and 12, Warner (1979b) 
argued t h a t  f o r  t he  temperature range a t  which most s i l i c a t e  mater ia l  condenses 
from a nebula o f  s o l a r  composit ion, t he  condensation h i s t o r i e s  o f  Ear th  and 
Venus were s i m i l a r .  Warner suggested t h a t  t h e  abundances of t he  r a d i o a c t i v e  
isotopes K, U, and Th should a l s o  be s i m i l a r  on the  two p lanets.  The presence 
o f  g r a n i t i c  ma te r i a l s  on t h e  Venusian sur face as i n d i c a t e d  by one o f  t he  th ree  
determinat ions o f  K, U, and Th suggests t h a t  Venus and Earth had s i m i l a r  amounts 
o f  p e t r o l o g i c  processing, and s i m i l a r  p e t r o l o g i c  processing fu r the r  suggests 
s i m i l a r  amounts o f  degassing. I f  indeed t h e  two p lanets  have ad s i m i l a r  
degassing h i s t o r i e s ,  then t h e  s i m i l a r  amounts o f  atmospheric 48Ar on t h e  two 
p lanets  i s  conf i rmat ion  t h a t  they  have s i m i l a r  amounts o f  4 0 ~  and hence a l l  t he  
rad io iso topes.  From those i n f e r r e d  abundances of heat sources and the  known 
sur face temperature, Warner constructed a s u i t e  o f  geotherms fo r  Venus, the  
d i f f e r e n t  geotherms being due t o  d i f f e r e n t  assumptions concerning the  amount of 
p e t r o l o g i c  re-working o f  t h e  Venusian c r u s t  and mantle. The geotherms were 
tes ted  aga ins t  Schaber and Boyce's (1977) observat ion t h a t  po r t i ons  o f  the  
Venusian c r u s t  d i s p l a y  l a r g e  impact basins w i t h  a s i z e  fr5quency d i s t r i b u t i o n  
s i m i l a r  t o  t h a t  observed f o r  t he  Moon. To achieve the  10 year  s t a b i l i t y  t h a t  
those regions o f  t h e  Venusian l i t hosphere  must have had t o  preserve the  l a r g e  
impact basins, t h e  l i t hosphere  must be t h i c k  r e l a t i v e  t o  the  l i t hosphere  of 
Ear th .  I f  the  mantle o f  Venus was hydrous a l l  t he  ca l cu la ted  geotherms would 
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y i e l d  a  1  i thosphere w i t h  a  th ickness o f  20 t o  30 km, Such a  t h i n  1  i thosphere  
would n o t  p rov ide  the  requ i red  long-term s t a b i l i t y .  However, i f  the  mantle o f  
Venus was anhydrous, t h e  1  i t hospher i c  th ickness would be over 50 km and the  
l i t hosphere  would prov ide  t h e  long- term s t a b i l i t y .  

Water i n  Mars 

Based on t h e  observat ion o f  Moore e t  a1 . (1977) t h a t  t he  surfaces o f  la rge ,  
igneous-looking rocks i n  t h e  V ik ing  l and ing  s i t e  a r e  hard and do n o t  sc ra tch  
o r  c h i p  when "poked" by the  t e e t h  on the  end o f  the  V ik ing  arm, and the  
observat ion o f  Huck e t  a1 . (1977) t h a t  those rocks a re  redd ish  i n d i c a t i n g  
the  presence o f  hematite, Warner (1979a) and Sato (1978) argued t h a t  t h e  r e d  
c o l o r  might  be a  pr imary feature o f  t h e  rocks.  I f  t h a t  i s  t he  case, then t h e  
red  c o l o r  i s  a  probe t o  t h e  source reg ion  i n  t he  Mart ian mantle where the  
lavas  formed. Warner and Sato use a  thermodynamic ana lys i s  o f  carbon 
o x i d a t i o n  t o  show t h a t  the  o x i d a t i o n  s t a t e  o f  lavas may be r e l a t e d  t o  t h e  
water content  o f  t h e  mantle from which t h e  lavas  form. They argue t h a t  a  
magma i s  saturated w i t h  C and t h a t  t h e  o x i d a t i o n  o f  t h e  magma as i t  r i s e s  
t o  the  sur face w i l l  be c o n t r o l l e d  by the  e q u i l i b r i a  o f  C - CO - C02. This  
r e a c t i o n  i s  ca l cu la ted  as a  func t ion  o f  pressure and t h e  f u g a c i t y  o f  
02 above the  i r o n - w u s t i t e  b u f f e r .  They argue t h a t  i f  the  magma conta ins 
water t h e  water w i l l  r e a c t  w i t h  the  C producing C02 and Hz. The H2 w i l l  
d i f f u s e  o u t  o f  t h e  system and the e q u i l i b r i a  w i l l  be forced t o  the  r i g h t .  
Once a l l  a v a i l a b l e  C i s  used i n  r e a c t i o n  w i t h  water, t h e  magma i s  no longer  
conf ined t o  the  C - CO - C02 e q u i l i b r i a  curve, and i t  w i l l  r i s e  t o  h igher  
o x i d a t i o n  s ta tes .  Thus the  Moon which i s  anhydrous has lavas w i t h  very 
low o x i d a t i o n  s ta tes  (near the  i r o n - w u s t i t e  b u f f e r ) ;  t he  Earth which has a  
hydrous mantle has lavas  t h a t  are more ox id i zed  b u t  s t i l l  b lack (near t he  
quar tz - faya l  i te-magneti t e  b u f f e r )  ; and Mars may have a  mantle w i t h  more 
water r e l a t i v e  t o  Ear th which leads t o  lavas  t h a t  a re  ox id i zed  enough t o  be 
red  (near t he  hematite-magneti t e  b u f f e r ) .  
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SIGNIFICmCE OF MEGASHEAR ZONES AND 
PNTRACWATONIC BAS INS I N  THE EVOLUTION OF CONTINENTAL CRUST, 
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A number o f  m e g a s h e a r  z o n e s  i n  t h e  N o r t h  A m e r i c a n  
c o n t i n e n t  h a v e  b e e n  p o s t u l a t e d  i n  r e c e n t  y e a r s  (1 - 5 ) .  
They  a l l  s h a r e  t h e  f o l l o w i n g  g e n e r a l  c h a r a c t e r i s t i c s :  ( a )  
Somewhere a l o n g  t h e i r  l e n g t h s  t h e y  are  d e f i n e d  by a l i n e a r  
t r e n d  i n  mapped f a u l t s ,  s e d i m e n t a r y  b a s i n s ,  i g n e o u s  i n -  
t r u s i o n s ,  o r  known o r e  d e p o s i t s .  ( b )  T h e y  are f o r  t h e  
m o s t  p a r t ,  e x t r a p o l a t e d  a c r o s s  r e g i o n s  o f  unknown o r  un- 
c e r t a i n  g e o l o g y ,  ( c )  Where  d e f i n e d  o n  t h e  b a s i s  o f  known 
g e o l o g y ,  r e a c t i v a t i o n  t h r o u g h  g e o l o g i c  time c a n  u s u a l l y  b e  
documented ,  ( d )  P o s t u l a t e d  m o d e l s  f o r  t h e i r  o r i g i n  a n d  
t h e  r e a s o n s  g i v e n  f o r  t h e i r  p e r s i s t e n c e  t h r o u g h  time are 
h i g h l y  s p e c u l a t i v e .  A l t h o u g h  m e g a s h e a r  z o n e s  s u c h  as 
t h o s e  i l l u s t r a t e d  i n  F i g .  1 are b e i n g  p o s t u l a t e d  i n  a l l  
c o n t i n e n t s ,  a b a s i c  q u e s t i o n  r e m a i n s  u n a n s w e r e d :  Do t h e y  
i n  f a c t  e x i s t  o r  are t h e y  p r o d u c t s  o f  l o o s e l y  c o n s t r a i n e d  
a n d  o v e r  z e a l o u s  i n t e r p r e t a t i o n  o f  l i n e a r  f e a t u r e s  o n  
L a n d s a t  and  o t h e r  imagery?  T h i s  q u e s t i o n  d e s e r v e s  s e r i o u s  
c o n s i d e r a t i o n  f o r  t h e  m e g a s h e a r  z o n e s  p o s t u l a t e d  i n  e x p o s -  
e d  o r  n e a r - s u r f a c e  P r e c a m b r i a n  r o c k s  b e c a u s e  t h e y  may s h e d  
l i g h t  on  t h e  t e c t o n i c  e v o l u t i o n  o f  c o n t i n e n t a l  c r u s t  i n  
t h e  P r e c a m b r i a n .  

The  e x i s t e n c e  o f  i n t r a c r a t o n i c  b a s i n s  i n  t h e  N o r t h  
A m e r i c a n  c o n t i n e n t  is less s p e c u l a t i v e ,  b u t  t h e  u n d e r -  
s t a n d i n g  o f  t h e i r  o r i g i n  is  as o b s c u r e  as  t h a t  o f  t h e  
m e g a s h e a r  z o n e s ,  B e c a u s e  s u c h  b a s i n s  grow l a t e r a l l y  w i t h  
t i m e  ( 6 ) ,  t h e  a g e  o f  t h e  r o c k s  and  t h e  n a t u r e  o f  t h e  un- 
c o n f o r m i t i e s  a l o n g  t h e i r  m a r g i n s  a r e  n o t  a good  g u i d e  t o  
t h e  g e o l o g y  o f  t h e  o r i g i n a l  b a s i n s .  I t  is s u g g e s t e d  t h a t  
a s u r v e y  o f  a v a i l a b l e  d r i l l  c o r e  a n d  g e o p h y s i c a l  d a t a  i s  
n e e d e d  t o  a d v a n c e  t h e  u n d e r s t a n d i n g  o f  t h e  p r o c e s s e s  w h i c h  
p r o d u c e d  t h e s e  s i g n i f i c a n t  a d d i t i o n s  t o  t h e  P r e c a m b r i a n  
c r u s t ,  
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ANORTHOSITIC COMPLEXES IN THE EARLY CRUST OF THE EARTH: 
COMPARISON OF MINERALOGY WITH LUNAR ANORTHOSITES; B .  F. Windley, Dept. of 
Geology, University of Leicester, Leicester, England, F .  C .  Bishop, Dept . of 
Geological Sciences, Northwestern University, Evanston, 111. 60201, 
d .  V .  Smith, I .  M .  Steele,  R .  C .  Newton and J .  S. Delaney, Dept. of 
Geophysical Sciences, University of Chicago, Chicago, I1 1 . 60637, and 
G .  R. McCormick, Dept. of Geology, University of Iowa, Iowa City, Iowa 52242. 

Anorthositic complexes in the early c rus t  of the Earth. Anorthosite 
forms major stratigraphic units in extensive layered igneous complexes which 
occur in Archaean rocks of most continents. We consider here three c lass ic  
exampl es : Fi s kenaesset ( W .  Green1 and), Si ttampundi (S.  India) and Limpopo 
(southern Africa). These complexes, up t o  1 km thick, were intruded into 
shal low-water sediments (now quartzi te ,  marble and mica sch i s t )  and basic 
volcanic rocks ( local ly  pillow-bearing) a t  -3.0+0.2Ga. They were subjected 
to variable high s t ra in  during thrusting, folding and refolding, and to  
pervasive recrystal l izat ion during regional metamorphism a t  amphibolite t o  
granul i t e  grade a t  -1 0kb pressure i n  intermediate t o  lower levels of the 
Archaean crust .  They now occur as conformable layers many tens to  hundreds 
of kilometers long in granulite-gneiss bel ts .  Where they were intensively 
intruded by tonal i tes ,  they occur as meter-size lenses and layers i n  
deformed tona l i t i c  gneisses. 

Stratigraphically the complexes (1-4) tend to  pass upwards from minor 
ultrabasic rocks and gabbros to  prominent leucogabbros and anorthosites 
interlayered with chromitites. Modal variations of ol ivine,  pyroxene, 
hornblende and Ca-plagioclase cover most rock types, b u t  garnet i s  an 
abundant indicator of high-pressure metamorphism in the Sittampundi Complex. 
Oxides and sulfides are  conlmon accessories, especially in ultrabasic rocks. 

From the mineralogical-petrological viewpoint, the important questions 
involve the e f fec t  of metamorphism and metasomatism on the original igneous 
d i f fe rent ia tes ,  and from the geochemical viewpoint, the important questions 
involve the source of the magmas and what information i s  given on the crust-  
mantle development and i t s  relation to  planetary different iat ion in general. 
Fiskenaesset Complex. Reconnaissance of 63 highly metamorphosed rocks by 
1 ight  microscopy and electron microprobe and X-ray diffract ion techniques 
(5-7) led to  the concl usion tha t  the s i l i c a t e ,  oxide and sulf ide minerals are  
variously-metamorphosed products in the granulite,  amphi bol i t e  and (local 1y) 
greenschist facies  of a moderately wet Al-rich basalt ic magma which underwent 
crystal -1 iquid different iat ion under f a i r l y  oxidizing conditions. The 
original igneous assemblage apparently involved ear ly precipitation of 
Mg-A1 -Ti-Cr-magneti t e  (hence the redox s t a t e ) ,  pro1 onged crystal 1 ization of 
highly calcic  plagioclase and tschermakit ic-magnesio-hornblende, and l a t e  
crystal l ization of high-Fe, medium-Cr spinel.  

Coexisting spinels out1 ine a sol vus between (Fe ,Mg)Fe204 and (Fe,Mg) 
AI204, and wide t ie - l ines  for  Cr-poor specimens indicate equilibration below 
500°C. Coexisting ilmenite and ferromagnesian s i l i c a t e s  apparently 
equilibrated in most rocks near 650+100°C, b u t  in the presence of l a t e  
serpentine or tremol i t e ,  equil i bration was probably be1 ow -425°C. Coexisting 
pyroxenes apparently equilibrated t o  -700-850°C depending on the laboratory 
cal i bration. Sulfide minerals have equi l i brated as 1 ow as 230°C. 
Metamorphism defini te ly varies from place to  place, and depends on the ease 
of equilibration for  the various minerals. 

The extent of metasomati sm i s  unclear. Scattered b io t i t e  probably 
resu l t s  from introduction of K, and amphibole rims around some pyroxenes 
require local introduction of H,O. Nevertheless most features of the complex 

L 



ANORTHOSITIC COMPLEXES IN THE EARLY CRUST OF THE EARTH: 

Windley, B .  F .  e t  a l .  

can be interpreted plausibly as the r e su l t  of nearly isochemical metamorphism 
of an igneous complex with systematic cryptic variation of mineral composition. 
Huge primocrysts of Ca-rich plagioclase survive in rare  rocks ( 8 ) ,  and 
primary chemical zoning apparently remains : recrystal 1 ized regions have 
similar compositions to  uncrystallized ones ( 9 ) .  The origin of clouds of 
amphibole inclusions in plagiocl ase megacrysts i s  uncertain - trapped magma, 
or exsol uti on from pl agiocl ase? 

Assuming isochemical metamorphism for  most specimens, i t  i s  possible 
to  attempt to  reconstruct the original igneous mineralogy. The oxide 
assemblages a re  mostly the r e su l t  of transformation of single phase 
Mg-A1 -Ti -Cr-magneti t e  (lower zones) and Fe,Cr-rich spinel (upper zones) . 
Using experimental data for  i lmenite-sil icate as a guide i t  was concluded 
that  the present metamorphic "chromites" a re  l e s s  magnesian than the igneous 
precursors because of exchange with s i l i c a t e s .  The Na-content of plagioclase 
tends to  be higher where the amphibole/plagioclase r a t i o  i s  higher, and th i s  
suggests that  ( i )  much of the amphibole was or iginal ly  igneous, and ( i i )  
during metamorphism, Na i s  transferred local ly  from amphibole to  plagioclase 
(incomplete study joint ly  with J .  S. Myers: fur ther  work needed). If t h i s  i s  
correct,  the original plagioclase was mostly Ang5-Ang5. 

Sulphides disseminated in the layered ser ies  are  limited to  the Ni-Co-Cu- 
Fe-S system and are  concentrated in ultramafic zones and inter-layered lenses. 
The following were ident i f ied:  pentlandite, pyrrhotite,  chalcopyrite, pyri te ,  
mi l le r i te ,  heazlewoodite, Co-pentlandite, polydymite, godlevskite, v io lar i te ,  
cubanite and digenite.  The sulphides in the gabbros and anorthosites a re  
Cu-rich with respect t o  those in the ultramafic rocks. Most of the S i s  
probably magmatic, b u t  some v io la r i t e  and digenite may re su l t  from l a t e  
a1 terat ion.  

In contrast  t o  the layered basal t ic  complexes which crystal l ized under 
reduced conditions ( e .  g . Skaergaard) , the Fi skenaesset complex undergoes 
l i t t l e  enrichment to  Fe-rich compositions, presumably because of early 
crystal  1 ization of magneti t e  under oxidizing conditions. Cr-rich spinel 
(chromi t e  s . l  . ) crystal  1 izes l a t e ,  probably because amphi bole rather than 
pyroxene i s  the dominant ferromagnesian mineral. Furthermore the plagioclase 
undergoes only moderate Na enrichment, presumably because of crystal l izat ion 
of Na-rich hornblende under wet conditions. A11 these factors f i t  together 
to  indicate crystal-l iquid different iat ion from a wet, oxidized, high-A1 
basal t ic  l iquid.  
Limpopo Complex. Two sections of the complex reveal plagioclase, amphi bole 
and spinel compositions which resemble those in part  of the Fiskenaesset 
Complex. Extensive normal zoning of some pl agi ocl ases may resul t from 
Na-metasomatism, and a l te ra t ion  of amphibole and plagioclase to  ch lor i te  and 
epidote probably i s  associated with s ignif icant  migration of mobile elements. 
Si ttampundi Complex. Extensive new data have confirmed the pioneering study 
of Subramaniam (10).  Chemical compositions of chromite in chromitites 
resembl e those of the Fi s kenaesset Compl ex. Metagabbros record a granul i t e  
event a t  -800°C and 12kb followed by retrogression which produced complex 
symplecti t e s  a t  -650°C and 7-8kb. A1 uminous rocks containing sapphirine and 
kyanite also indicate a complex history beginning with high pressure and 
temperature of metamorphism of adjacent Al-rich sediments. 
General remarks. The mineralogy of the Fiskenaesset Complex resembles tha t  
of gabbros from the Peninsular Ranges batholith,  California ( l l ) ,  and of 
peridoti tes  (1 2) and gabbros from Connemara, Ire1 and ( jo in t  study underway 
with B. E.  Leakel. Apparently, the emplacement of igneous complexes w i t h  
overall basalt ic composition into granitoid terranes has taken place in 



ANORTHOSITIC COMPLEXES IN THE EARLY CRUST OF THE EARTH: 

Windley, B. F. e t  a l .  

continental margins throughout geological time (13).  I f  so ,  the formation 
of these complexes is  a function of tec tonic  posi t ion,  and not of the  time 
of emplacement. Since the  Fiskenaesset complex dates some 1.5Ga a f t e r  
formation of the  Earth, and some 0.8Ga a f t e r  emplacement of the  e a r l i e s t  
surviving c ru s t ,  analogies should not be drawn casual ly  w i t h  lunar rocks 
believed t o  have formed from the  primary d i f fe ren t ia t ion  of the  Moon. 
Much deta i led petrographic and geochemical work i s  needed t o  disentangle 
the  e f f e c t s  of metamorphism and metasomatism before the  propert ies of the 
t e r r e s t r i a l  complexes a r e  in terpreted from a planetary viewpoint. I t  
would be wise t o  est imate the  bulk composition of a complex ra ther  than 
re lying on random samples. Final ly  i t  must be emphasized t h a t  anorthosite 
layers  amount t o  only a small volume of the  complexes, and t h a t  the 
complexes themselves a re  swamped by the  grani to id  rocks (sensu -- 1 a to ;  
mainly t o n a l i t i c  gneisses)  which surround them. 
Comparison w i t h  lunar anor thosi tes .  Unfortunately there  i s  no s t ra t ig raph ic  
control over lunar non-mare rocks, and a major e f f e c t  i s  needed t o  extend the  
encouraging e f f o r t s  t o  separate  out  the  e f f ec t s  of meteor i t ic  contamination 
(14) and t o  i n t e rp re t  the textures  and mineral chemistry i n  terms of 
c rys ta l - l iqu id  d i f f e r en t i a t i on  and both shock and thermal metamorphism 
( 1 4 1 5 )  Whatever wil l  ensue, i t  seems qu i te  sa fe  t o  adopt the  conclusion 
already reached from the Apollo 11 conference t h a t  an ea r ly  d i f fe ren t ia t ion  
of the Moon produced a complex c ru s t  composed of plagioclase-rich rocks and 
basal ts.  Such a d i f f e r en t i a t i on  involved anhydrous, reduced magmas, and 
must have been qu i te  d i f f e r en t  from t e r r e s t r i a l  d i f fe ren t ia t ion  which 
involved wet, oxidized magmas. As emphasized e a r l i e r ,  the  Archaean 
anorthosi t i c  compl exes (perhaps be t t e r  c a l l  ed gabbroi c complexes) do not 
r e s u l t  from an ea r ly  Earth-wide d i f f e r en t i a t i on ,  and cannot by any s t r e t ch  
of the imagination be explained by f l o t a t i on  of plagioclase i n  a magma 
ocean. Nevertheless the  Archaean gabbroic/anorthositic complexes a r e  
worthy of deta i  1 ed comparison w i t h  younger t e r r e s t r i  a1 complexes t o  determine 
whether the  sources of the magmas (presumably the upper mantle) have changed 
w i t h  time. 

The highly ca l c i c  nature of lunar plagioclase must be a t t r i bu t ed  t o  the 
low concentration of v o l a t i l e  elements in the  bulk Moon, but the highly 
ca lc ic  nature of plagioclase in  Archaean anor thosi t ic  complexes i s  probably 
the  r e s u l t  of sequestrat ion of most of the  Na in igneous hornblende, 
whose c ry s t a l l i z a t i on  depends on the  a v a i l a b i l i t y  of water. Certainly the  
ca l c i c  nature of the  plagioclase does not r e f l e c t  the  composition of the 
bulk Earth s ince  the  dominant rocks in the  c rus t  were and a r e  granitoids 
(s.1. ) w i t h  fe ldspars  of intermediate (Na+K)/Ca r a t i o .  

1 .  B.  F .  Windley e t  a l .  1973 Grdnlands Geol. Unders. Bull. 124. 2. J .  Myers 
1975 Rapp. G r g h l z d s ~ e o l .  Unders. 74. 3 .  A.  K.  Hor e t  a1 . m 7 5  Lithos - 8 
297. 4. S. Ramadurai e t  a l .  1975 JTGeol . Soc. 1nd iaT6409 .  
5. B. F . Wind1 ey, J .  V T ~ m i t h  1974 Grfinl ands Geol . Undzs.  Bull . 108. 
6. I .  M .  S teele  e t  a1 . 1977 Grdnlands Geol . Unders. Bull . 124. 
7. F .  C.  Bishop et n. 1979. 8. J .  S. Myers 1973 ~ r f i n l  a n d s x o l  . Unders . 
Bull. 51. 9. ~ . S . M y e r s ,  R .  G .  P l a t t  1977 10 59. 10. A.  P .  Subramaniam 
1956 s o l .  Soc. Am. Bull. 67, 317. 11. R. KrNishimori 1976 Ph.D. t he s i s ,  
U .  California La J o l l a .  12.A. T. V .  Rothstein 1972 Mineral. Mag. 38 957. 
13. B. F .  Windley, J .  V .  Smith 1976 Nature 260 671. 14. P.  H .  Warren, 
J .  T. Wasson 1977 PLC8 - 2215. 15. J .  L .  War=, C .  E .  Bickel 1978 Am. 
Mineral. 63 1010. 
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C O M P I L A T I O N  OF Q U E S T I O N N A I R E  

The questionnaire on the following page was distributed to  the par t ic i -  
pants of the workshop. They were requested to  complete i t  and return i t  t o  
the conveners on the l a s t  day of the meetings. No attempt has been made to 
priori t i  ze the responses ; they are simply reproduced here from the question- 
naires that  were returned. 





QUESTIONNAIRE/WORKSHOP HOMEWORK 
89 

(Due a f t e r  discussion session) Name (Optional ) 

1, What, in your view, are the (few) most fundamental questions and problems 
discussed? 

2 .  What are the key observable parameters which are needed to address them? 

3. What methods or approaches are  l ikely to  yield important resu l t s?  

4. What new methods and approaches are 1 i kely to  be important (including: 
a )  c o a i n a t e d  work on sample su i t e s ,  b (  continental d r i l l i n g ,  c )  measure- 
ments from space - remote sensing, telemetered data, e t c . ) ?  

5. Specific recommendations fo r  future research programs or a c t i v i t i e s .  

6. Has workshop been profitable? How could i t  have been improved? 





QUESTIONNAIRE/WORKSHOP HOMEWORK 

1. What, in your view, are the (few) most fundamental questions & problems 
discussed? 

A .  Relationship of crust-mantle development of the moon (anhydrous) t o  
the earth (hydrous). 

B. The formation and nature of the primitive crusts.  

C .  Generation of the lunar anorthosite, ea r th ' s  early c rus t ,  impact 
processes vs. igneous processes. 

D. 1 )  Impact history of the moon and implication for  early history of 
earth.  

2 )  Geochemical relationships between lunar and t e r r e s t r i a l  rock. 

E. 1) What i s  the nature of protoli th t o  early "grey" gneisses of Archean, 
2) Is  concept of magma ocean viable fo r  any or  a l l  t e r r e s t r i a l  planets. 
3) To what extent are planetary his tor ies  equivalent, b u t  more 

importantly are  there also basic differences i n  t he i r  evolution 
history. (e.g.  e f fec t  of Hz0 on history) 

4)  What i s  the e f fec t  of impact on early history of earth - nothing/ 
everything - were they important for  ear th ' s  evolution? 

5) What i s  the role of "plate tectonics" in early earth.  

F. 1)  Nature of pre-four b.y. old t e r r e s t r i a l  crust-ul t rabasic ,  basic, 
intermediate, acidic ,  anorthosit ic,  other? 

2) Structure and composition of crust  of Venus. 
3)  Origin of lunar highlands. 
4) Effect of four bey. bombardment of earth: 

a .  In i t i a t e  ocean basins. 
b. I n i t i a t e  continental nuclei. 

5)  Isotopic recycling a l a  Armstrong. 

G. Consideration of the origin and evolution of the ea r th ' s  crust  from a 
planetary point of view. Main question ---- a t  what stage of the planet 's  
evolution did the continents as we know them originate? 

H .  1 )  How was crust p u t  together? e.g. Role of vertical  vs. horizontal 
tectonics,  contribution of igneous additions t o  c rus t ,  source of 
igneous materi a1 s e tc .  

2) If granulit ic terrains  represent deep levels of c rus t ,  what 
underl ies  them? 

3 )  Are Arehean rocks proper analogies of the deeper crustal section? 

I .  Are events recorded i n  early crustal  development of other planets 
matched by any presently recorded events on earth? 

J. The question whether the oldest rocks exposed in the shields have been 
deformed under conditions of ( i )  crustal shortening, ( i i )  crustal  
extention, ( i i i )  no bulk la te ra l  s t ra in  of the crust .  



Question 1 continued 

K. 9 )  Obviously the return of the ea r l i e s t  t e r r e s t r i a l  Archean crust .  
2 )  The role  played by impacting i n  the early Archean crust.  
3) Imp1 ication of lunar magma ocean to  other t e r r e s t r i a l  planetary 

crusts .  
4) Thermal history of the crust .  6) What i s  below the 3.600 Ma 
5) Crustal thickness and growth. crust  now exposed a t  the surface? 

L.  Possible application of fmpact studies to  early history of the ear th.  

M. 1 ) Presence, nature, and recognition of pre-greenstone be1 t crus t .  
2 )  Bimodal nature of Archean magmatism, and i t s  origin.  
3)  Tectonic regimes in the Archean. 
4) Effects of i n i t i a l  impact on the earth.  
5) S t r a t i  graphy of Archean sequences. 
6)  Nature and origin of Archean lower crust .  

N .  1 )  Formation of the continental crust  of Earth. 
2) Formation of the crusts of other planets. 
3) Developmental processes of the Archean. 
4) Volatile inventory in the mantles of planets. 

0. Hypotheses re  stages of development of Archean crust.  
Hypotheses r e  origin of t e r r e s t r i a l  and planetary crusts.  
Hypotheses re  stages of development of planetary crusts.  

2. What are  the key observable parameters which are  needed to  address them? 

A.  Contrasting crustal parageneses. 

B. Age dates, stratigraphy and petrology of crusts .  

C. Field geology, geochemistry, geophysics. 

D. Trace element geochemistry of oldest t e r r e s t r i a l  rocks. 

E. 1) Physical properties of the mantle t o  plan constraints on correction 
and melting. 

2 )  Geochemical data on rocks derived by melting of mantle and crust  
t o  place l imits  on the i r  history. 

F. Structural re lat ions a t  depth between crustal  components. 

G. Nature of e a r l i e s t  c rus t ,  chemical parameters, spatial  distribution. 

H. We need some deep d r i l l  holes in the tona l i t i c  gneiss domains, t o  t e s t  
geophysical models . Also, we need mosfern ( ? )  structural approaches 
in shield areas. 

I .  Regions of early Archean crust in Labrador/Greenland, China, USA, 
Antarctica, South Africa, Zimbabwe, Australia, USSR (pre 3 -5)  

J .  More and bet ter  f i e ld  data followed by integrat d geochemical and 
tectonic analysis.  Integrated geophysical and geological 
investigations. 



Question 2 continued. 

K. 1 ) Precambrian geology (structural , peterogen esi  s ,. . . ) and 
geophysics (seismic prof $1 ing + force-field methods which can be 
a i r b ~ r n s  or other remote scanning) ; 

2)  P l  anetaqy geophysical scanning + photogeol ogy and remote sensing 
of chemical composition. 

3. What methods or approaches a re  l ikely to  yield important resul ts?  

A. Experimental igneous petrology on simple s i l i c a t e  systems a t  high 
pressures. 

B.  New sampling of course! Study of untouched lunar samples. Remote 
sensing of Mercury & Vanus. Isotopic studies of Archean igneous rocks. 

C.  Integration of f i e ld  geology, geochemistry, geophysics with models . 
D. 1 ) Creation of a reference Archean su i te  (? )  (Chemical and pet . )  

2) Creation of well constrained thermal and thus mechanical models 
of early evolutionary stage of earth. 

E .  1 ) Seismic reflection studies of particular s t ructures .  
2) Sel ected deep dri  l l ing . 
3) Integration of geophysical, geochemical, and f i e l d  mapping resu l t s .  

F. Integrated studies of selected "type" areas and extent to  which types 
can be extrapolated into other areas. This as opposed t o  se t t ing  up  
of model based on present clay tectonics. 

G .  People working on the tectonics of the moon and other planets have 
to  be content with interpreting the gross shape of major s t ructures .  
This approach i s  hampered by the fac t  that  any deformed body can 
reach i ts  final geometry along an in f in i t e  number of kinematic paths. 

H. 1 )  Baseline geol . data in areas of proven early crust .  
2) Interlab comparison of age data on well collected material. 
3) Comparative f i e ld  studies in a l l  areas of pre 3.5 AE c rus t .  
4) Dissemination of information re1 ating t o  other planetary crusts .  

I .  Field investigations fol lowed by integrated geochemical (par t icular ly 
trace elements and isotopes), tectonic,  s t rat igraphic,  and geophysical 
investigations. Particular emphasis on the problem of al terat ion in 
interpreting geochemical data. ( i  .e,  bet ter  understanding of Archean 
geology and processes) 

J .  Synthesis of precambrian geology and planetary geophysical scanning + 
photogeol ogy and remote sensing of chemical composition. 

* * * * * * * 



4. What - new methods and approaches a re  l i ke ly  t o  be important [including: 
a )  coordinated work on sample s u i t e s ,  b) continental d r i l l i n g ,  c )  measure- 
ments from space - remote sensing, telemetered data ,  e t c . ]  

A. I t  i s  absolutely essent ia l  t ha t  a sound understanding of the  thermo- 
dynamics of sol id- l iquid  equ i l ib r ia  be developed. 

B. 1 ) Dril l  ing of Archean basement. 
2) Detailed x-ray $luoresence survey of Mars, Mercury, & Venus. 
3) SEM petrography of areas of potential  trapped l iquid  i n  

primi t i v e  l unar anorthosi t e s  . 
C. In the  Archean -- deep geophysics, new geochem techniques (e.g. ,  SM-ND). 

D. 9 )  Chem-petrological study of grey gneisses t o  attempt t o  determine 
pro to l i th .  A deep hole i n  such an outcrop area would a lso  be of 
g rea t  help i n  terms of sampling. 

2) Co-ordinate$ (thermal model s , mechanical models , f ract ionat ion 
models) i n to  what e f f ec t s  of impact wil l  be on 4.0 bay.  ea r th .  

E. 1 )  Lunar Polar Orbitor,  s tr ipped down version w i t h  only a )  gamma-ray 
spectrometer, b )  X R F ,  3) TV imagery. 

2) Venus radar - VO%W. 
3)  Continental d r i l l  i n g  o f  d i a p i r i c  quanti t i e s  i n  Archean 

t e r r a in s :  W. Austral ia,  Minnesota, S. N. Canada. 
4)  Sample return from Martian highlands. 

F. (a & b) Extensive seismic re f lec t ion  work could provide a most 
useful framework i n  which t o  r e l a t e  s t ruc tura l  and compositional 
resul t s  . 

H. 1 ) Beep d r i l l i n g  in to  ear ly  Archean crust  of Greenland o r  Labrador. 
2) Coordinate work on samples from proven areas of the  ear ly  Archean 

t e r r e s t r i a l  c rus t .  
3) Expers"men"c1 work on synthetic systems re1 a t ing t o  granul i t e  

melting and generation of s i a l i c  magma i n  vo l a t i l e  r ich  environ- 
ments esp,  C02, F, Ci, e tc .  

4) Use of multi-  so topic methods (comparatively) SM/Nd, Pb-Pb, Rb-Sr, 
K-AR. 

I .  1 )  Bet ter  analytical  de ta i l  on properly collected sample su i t e s .  
Amount of good f ie1  d data outwei ghs analyt ical  capabi l i t i  es . 

2) Beep d r i l l i n g  would be important i f  i t  could penetrate close t o  
Conrad, i .e .  base of upper c u r s t ,  b u t  would require several holes 
i n  diverse yeovlogic provinces e.g. grani te  bathol i ths ,  greenstone 
be1 t s  , gneiss be4 t s ,  

J .  1 )  Extend seismic exploration of the  l i thosphere in to  the  region 
between the  Moho and the  mantle low-velocity zone. 

2 )  Extension o f  number of methods of penetrat ive remote sensing of 
ea r th  and planets.  



5. Specific recommendations for  future research programs or ac t i  vi t i e s .  

A. 1)  Isotopic and geochemicaI search for  parent 1 iquids of primitive 
lunar crustal rocks. 

2 )  Studies of conLinental dr i l l ing  and xenolith samples. 
3)  Continued study of t e r r e s t r i a l  layered intrusions as analogues 

for  l unar cumul a te  rocks. 

B. Expand the geochem, dating, e tc .  t o  include as many elements as 
possible. Continue and expand f i e ld  studies in the Archean Terranes. 

C. I t  would be interesting t o  attempt some so r t  of quantitative treatment 
i n  an analysis of impact history.  How much material was added, where 
i s  t h i s  material i n  the earth now, did it contribute to  inhomogeneity 
i n  the mantle? 

D. 1 ) Co-operative t e s t s  involving planetary and t e r r e s t r i a l  geoscien- 
t i s t s  on the same team. 

2) Concurrent e f fo r t  t o  define comparative thickness e tc .  of earth 
proto-crust and thus define i n i t i a l  conditions for  continental 
(Archean) origin (e.g. Do impacts form continents or oceans?). 

E. Detailed mapping of Dorsale Reguibat i n  North Africa. (?) S u p u r b  ( ? )  
exposure of diapiri  c granites poorly mapped, Should be coordinated 
with A1 geria,  Mauritania, France. 

F. More ref lect ive profil  ing (of course). 
Xenolith studies. 
Most of a l l ,  interdisciplinary communication. 
More extensive use of geophysical information by geochemists, e tc .  
and vice versa. 

G. 1)  Joint research on t e r r e s t r i a l  Archean problems with in te r ior  (?) 
collaboration to  resolve problems relat ing to  the ident i f icat ion 
of possibly reworked early Archean crus t ,  and apparent anomol ies  
in some of the age methods. 

2) Field conferences i n  association w i t h  EACP? 

H .  1) Continue study of earth anorthosites. 
2) Use f a c i l i t i e s  t o  curate meteorite collections,  classical 

Archean 1 ocal i ty  specimens, e tc .  

I. U.S. COCORP and Canadian Co-operative Seismic Crustal Studies Group 
expand the i r  a c t i v i t i e s  (largely separate as t o  countries b u t  some 
co-ordination i s  desirable.)  Both are  "under" Geodynamics Project. 
Action should take place under these international organizations. 
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